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Surface passivation and high-κ dielectrics integration are two critical issues for fab-
ricating high performance Ge-based CMOS devices. In this thesis, first-principles
calculations and experimental characterizations such as XPS and HRTEM were
used to study these two issues.
Atomic source oxidation was used to grow stoichiometric and good quality GeO2
dielectrics on Ge (001) substrates. The XPS measured VBO and CBO at this
GeO2/Ge interface are 4.59 and 0.54 eV, respectively. The calculated PDOS in-
dicates that oxygen and Ge vacancies formed at different oxidation stages may
cause the reduction of VBO at reduced GeOx/Ge(001) interface, which clarified
the large difference of VBO determined by XPS directly and extracted from high-
κ/GeOx/Ge stacks. In addition, it was found that the VBO at GeOxNy/Ge inter-
face decreases with increasing doped nitrogen concentrations in GeO2 thin films,
while the thermal stability slightly increases. These provide us an effective way to
tune band offsets and thermal stability at GeOxNy/Ge/Ge interface.
First-principles calculations were carried out to study electronic, optical, and in-
trinsic defect properties of bulk Ge3N4. It was found that lattice constants of
vi
β-Ge3N4 match well with those of Ge (111) 2×2 surface. The calculated band gap
and dielectric constant of Ge3N4 can satisfy the requirements of gate dielectrics as
well. Furthermore, it is expected that nitrogen vacancies would be the main source
of intrinsic defects in Ge3N4 due to their low formation energies. These nitrogen
vacancies might become charge trapping centers because their energy levels are
close to Ge conduction band edge. The calculations suggest that to grow Ge3N4
in nitrogen rich ambient would reduce nitrogen vacancies in Ge3N4 thin films. Be-
sides, the calculation results also indicate that to deposit a thin layer of Si on
Ge surface before nitridation process is another effective way to decrease nitrogen
vacancies.
Two interface structures were proposed for β-Ge3N4 (0001)/Ge (111), and the cal-
culated interface formation energies indicate that the interface structure without
dangling bonds are much more energetically favorable. This stable interface struc-
ture is contributable to its perfect interface bonding structure and strong Ge-N
bonds at the interface. The calculated VBO and CBO at this stable interface are
1.23 and 2.10 eV, respectively. The calculations also indicate that dangling bonds
at interface would induce interface gap states, and reduce the VBO. Hydrogen
saturated interface exhibits better interface properties, but Ge-H bonds at the in-
terface are unstable due to their low dissociation energies. Experimentally, atomic
source nitridation was used to grow crystalline Ge3N4 on Ge (111) substrate at
400◦C, which was verified by HRTEM images. The band offsets at this Ge3N4/Ge
(111) interface determined by XPS are consistent with the theoretical predictions.
Experimentally, SrZrO3 thin films were prepared on Ge (001) substrate by us-
ing PLD. The corresponding VBO and CBO at this interface were measured by
vii
XPS to be 3.26 eV and 1.77 eV, respectively. The SrZrO3 on Ge substrate re-
mains stable after annealing at 600◦C, compatible to Ge fabrication process, but
the HRTEM images indicate that the amorphous SrZrO3 thin films would become
polycrystalline after annealing. Theoretically, it was found that SrZrO3 (001) sur-
face matches well with that of Ge (001) in terms of surface symmetry and lattice
constants, and various interface structures of cubic SrZrO3 (001)/Ge (001) were
proposed. The calculated interface formation energies show that Zr-O terminated
interface is more stable in oxygen rich ambient. This suggests that to grow SrZrO3
with Zr-O terminated surface on Ge surface in oxygen-rich ambient might be more
favorable to realize the epitaxial growth. The calculated band offsets are larger
than 1.0 eV, and it was also found that oxygen chemical potential affects the band
offsets and interface stability greatly.
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For the past fifty years, the performance of the conventional Silicon-based transis-
tor devices has been improving at a dramatic rate due to the application of new
materials and scaling down of the size of transistor components, in which the de-
ceasing sizes of devices play the most important role in their improvement. Thanks
to this Si based scaling technology, we have been enjoying better and better per-
formance of increasingly smaller electronic devices like computers or cell phones
at decreasing prices. However, as a result of decreasing device dimension, many
issues related to the scaling down, such as large tunneling current, have become
critical and have stimulated a series of hot research topics on designing new mate-
rials and technologies to meet requirements of the rapid development. [1] To better
understand this background, I will briefly introduce the scaling technology and the
related issues in next section.
1
Chapter 1. Introduction
1.1 Scaling Si-based MOSFETs
The dominant electronic devices used today are Si-based complementary metal
(poly-Si) oxide (SiO2) semiconductor (CMOS) transistors, as Fig. 1.1 shows. Their
performance is determined by the drive current that flows from source to drain,
because the drive current is related to the switch time of the CMOS devices.






(VG − VT )2
2
, (1.1)
where W is the width of the transistor channel, L is the channel length, µ is the
channel carrier mobility, and C is the capacitance of the gate dielectric. VG is the
voltages applied to the transistor gate, and VT is the threshold voltage. For Si-
based FETs, the drive current is determined byW , L, C, VG, and VT , in which VG
and VT are limited in ranges due to reliability requirements and room temperature
operation constrains. [3] Therefore, the increase of drive current may come from
the increase in capacitance of gate dielectrics or the reduction of gate length.
From an electrical point of view, the MOS structures behave like a parallel plate
capacitor, and with neglecting the depletion effects of substrate and poly-Si gate





where A is the capacitance area, ε0 is the permittivity of free space, κ is relative
dielectric constant of the gate dielectric, and tox is the thickness of the gate dielec-
tric. Based on Eq. (1.2), it is clearly shown that the reduction of gate dielectric
2
Chapter 1. Introduction
Figure 1.1: Schematic cross-section of a field effect transistor. [2]
thickness will lead to an increase of gate dielectric capacitance, which is directly
corresponding to a larger drive current in CMOS devices. Thus, over the last fifty
years, the thickness of gate dielectric (SiO2, κ∼3.9) in CMOS structures has been
decreased from the original several thousand nm to the present 1 nm around. In
addition to the increase of device performance, this size reduction also allows to
integrate more transistors on a single chip, resulting in cost reduction.
This trend had been well demonstrated by Moore’s law [4], which states that the
number of transistors in a single chip would double every two years, as shown in
Fig. 1.2. The development of semiconductor industry follows Moore’s law roughly
since the 1970s. Currently, the gate length of CMOS devices has been reduced to
65 nm, and the corresponding thickness of SiO2, the dominant gate dielectric used
to minimize carrier tunneling between gate electrodes and substrates, would be
scaled to about 1.4 nm, according to the latest International Technology Roadmap
for Semiconductor(ITRS). [2] However, the requirement of CMOS devices is that
the minimum leakage current should be lower than 10 A·cm−2 for high perfor-
mance logic applications such as microprocessors in computers or 10−2 A·cm−2 for
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Figure 1.2: Schematic showing the continual increase in device density as shrinking
feature size. [2]
low power logic applications like wireless electronic devices, which corresponds to
1.2∼1.6 nm thickness of SiO2 for high performance devices and 2.2∼2.5 nm for low
power applications, respectively. [2] It is well known that the tunneling probability
increases exponentially with the decreasing thickness of SiO2. Therefore, when the
thickness of SiO2 is smaller than 1.4 nm, the leakage current would be dominant
in devices due to direct quantum tunneling. The large leakage would increase the
static power consumption of devices or lead to their failure.
Thus, one of the most serious problems for further scaling down of device size is
that large tunneling current would occur in Si-based devices if the thickness of
SiO2 is reduced further. Since the problem is due to the fact that the SiO2 layer
is too thin, a straightforward solution is to replace SiO2 with other gate dielectric
materials, which have higher dielectric constant (high-κ) and could provide the
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same performance of capacitance but with a much greater thickness. [3, 5, 6] It is
an urgent task to find a proper high-κ material to replace SiO2 as the gate dielec-
tric in order to further improve the performance of CMOS devices. Furthermore,
the injection velocity of carriers in Si-based channel, which determines the drive
current in the devices, is going to saturate, and cannot be improved more even
by conventional scaling technology due to the relatively low carrier mobility of Si,
thus many researches have been exploring other channel materials with high carrier
mobility such as germanium (Ge) to replace Si. In the next section, the advantage
of Ge-FETs and their issues will be reviewed.
1.2 Ge-FETs and Ge surface passivation
Large drive current is highly favorable for applications, because it determines the
switch time of CMOS devices, which is believed to be limited by the velocity of
carrier injection from the source into the channel in short channel devices. [7] To
increase the drive current, one way is the conventional scaling technology. How-
ever, as mentioned previously, this Si-based dimension shrinkage is approaching its
limitation, and high-κ dielectrics are needed for further scaling. In addition, based
on Eq. (1.2), the replacement of the conventional channel material Si with a higher
carrier mobility channel material like Ge can also allow for further improvement of
the drive current.
Ge-based field effect transistors (FETs) have attracted much attention due to their
excellent electronic and electrical properties. Compared with Si, Ge has higher
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carrier mobility. The low-field electron mobility in Ge is more than double that
of Si (3900 vs 1500 cm2/V-sec) and the increase is four-fold for holes (1900 vs
450 cm2/V-sec). [8, 9] This advantage makes Ge attractive for high speed circuit
applications. The mobility of electron and hole is also more symmetric in Ge than
in Si, and this means that the area of p-MOSFETs can be reduced, and allow
for more CMOS logic gates to be integrated in one unit clip. Furthermore, the
much lower melting point of Ge indicates that it is possible to fabricate Ge-based
transistors with lower thermal budget processes, and requirements for thermal
stability can be relaxed to some extent to integrate novel materials like metal gate
electrode and high-κ dielectrics into advanced transistors. [10, 11] In comparison
with Si, Ge has as smaller band gap, which is related to a smaller supply voltage
in applications. This is more compatible with the trend of scaling of the supply
voltage as specified in ITRS. [2] Besides, it is possible to realize the systematical
integration of electronic, microwave, and photonic devices on Ge-based technology,
since Ge has a small lattice mismatch with GaAs, a well known photonic material.
Despite the above advantages of using Ge-based technology, Ge has not estab-
lished a strong presence as an electronic material for ubiquitous microelectronic
applications because it does not have a stable gate dielectric, which is critical for
gate stacks formation. Therefore, how to passivate Ge surface is one of the most
important issues for fabricating high performance Ge-FETs. Intensive studies have
been carried out to find an appropriate passivation material for Ge surface. Many
different passivation methods have been proposed such as oxidation, hydrogen (H),
sulfur (S), and fluorine (F) passivation, and nitridation.
For the passivation of Ge surface, various passivation techniques have attracted
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attention. Some studies have been carried out to explore the use of H to passivate
Ge surface. [12–14] H terminated Ge surface exhibits oxide free surface [14], but
the surface is rough and unstable when exposed to the ambient. [13, 15] Some re-
searches studied the electrical properties of S passivated Ge surface. [16–19] Frank
et al. reported that HfO2/GeOxSy/Ge stacks exhibit lower fixed charge and in-
terface state density than conventional HfO2/GeOxNy/Ge stacks. [16] Xie et al.
further found that the S passivated Ge surface can improve thermal stability of
HfO2/GeOxSy/Ge stacks while maintaining the low gate leakage current. [17] Some
studies also used Chloride (Cl) [15, 20, 21] and F [22–24] as surface passivants. Lu
reported that Cl terminated Ge surface is stable, but other studies found that
Cl cannot passivate Ge surface effectively, and some oxygen or carbon will be in-
corporated on the surface. [20] For F passivated Ge surface, Lee et al. showed
that the interface defect states at HfO2/Ge interface can be effectively passivated
by F incorporation. [24] Moreover, Xie et al. reported that Ge-based MOS struc-
tures incorporated with F exhibit good electrical properties and low interface state
density. [22, 23] In addition, Ba-passivation [25], As-passivation [26] and Si thin
layer-passivation [27] have been proposed to passivate Ge surface also.
Among these passivation methods, oxidation, nitridation or their combination
GeOxNy has attracted much more interest because they are compatible to cur-
rent fabrication processes. In contrast to extensive applications of SiO2 in Si based
technology, Ge oxides have not received much attention as gate dielectrics for Ge-
based MOS devices because they were thought thermally and chemically instable
previously. [28] More recently, attention has been paid gradually on using GeO2 to
passivate Ge surface due to the fact of the unavoidable formation of GeOx during
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growth of high κ oxides on Ge surface directly. [29–33, 35, 36] Various oxidation
processes have been proposed. [29–31, 33, 35, 36] Afanas’ev et al. reported that Ge
oxide layers were formed when using atomic layer deposition (ALD) to grow HfO2
on Ge, and found that the band alignment at GeOx/Ge(001) interface determined
by internal photoemission (IPE) spectroscopy is large enough to minimize possible
carrier tunneling. [29, 35] Molle et al. compared three oxidation processes, and
showed that a large percentage (98%) of GeO2 in GeOx layer was formed using
atomic oxygen source at 300◦C. [30] More significantly, Delabie et al. used pure O2
to oxide Ge surface at the atmospheric pressure at 350◦C, and found that GeO2
passivated Ge-MOS structures showed well-behaved capacitance-voltage character-
istics. [31] Furthermore, Takagi et al. thermally oxidized Ge surface using pure O2
at the atmospheric pressure, and found a low interface trap density in GeO2/Ge
MOS structures, with the minimum trap density that is lower than 1011cm−2eV −1
at 575◦C. [36]
Afanas’ev et al. studied electronic properties of GeOx/Ge stack, and noted that
the band gap of Ge suboxide is significantly lower than that of GeO2, resulting
in an insufficient barrier height to block carrier tunneling. [35] Although GeO2
has been extensively studied, there are still some issues remain. For example, the
growth of good quality of GeO2 is still challenging, which is of importance for
applications since the electronic properties of GeOx is dependent on its oxidation
states. Moreover, the value of VBO obtained by Afanas’ev et al. using IPS [29, 35]
is much smaller than that determined by x-ray photoemission spectroscopy (XPS)
directly [33], and the mechanism has not been well studied yet. In addition, effects
of nitrogen (N) incorporated into GeO2 films on their electronic properties and
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thermal stabilities have not been well understood yet.
More recently, Ge3N4 has been studied as a promising alternative surface passiva-
tion material for Ge-FETs due to its excellent mechanical, thermal, and electronic
properties. [37] For examples, Van Elshocht et al. found that Ge MOS structures
with surface pretreatments in NH3 ambient may result in smoother films with
strongly reduced diffusion of Ge in the HfO2 film, and this also leads to a much
better electrical performance. [38] Takagi et al. used plasma N source to nitride
Ge surface, and fabricated MOS structures with a smooth interface layer and good
electrical properties. [39] Nitridation processes with atomic N source have also
been proposed. Maeda et al. reported a method for growing high quality Ge3N4 on
Ge surface using atomic N source at low temperature. [40] In a later study, they
also fabricated a Ge-MOS structure with Ge3N4 as the gate dielectrics, and found
that the interface trap density is as low as 1.8×1011cm−2eV−1. [41] Furthermore,
Wang et al. investigated nitrided Ge surface using atomic N source also, and de-
termined the band alignments and thermal stability of Ge3N4/Ge(001) interface
using x-ray photoemission spectroscopy (XPS). [42] Besides, Lieten et al. found
that monocrystalline Ge3N4 can be formed on Ge(111) surface using plasma N
source at atmospheric pressure at 800 ◦C, and it has high thermal stability. [43]
However, although many researches have been carried on the possibility of using
Ge3N4 to passivate Ge surface, the studies on electronic properties of Ge3N4 are
still limited, and the optical dielectric and intrinsic defect properties of Ge3N4
have not been well understood yet. Moreover, it is highly favorable to obtain more
information about the interface properties of Ge3N4/Ge such as atomic interface
structures, interface stability, and band alignments.
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1.3 The integration of high-κ dielectrics on Ge-
FETs
Scaling technology plays important roles for further improving the performance
and reducing costs of CMOS devices, together with the replacement of Si with high
mobility channel materials such as Ge. Since further scaling caused large tunneling
current in Si-based devices is due to the relative smaller dielectric constant of SiO2
(κ∼3.9), a new insulating material with higher dielectric constant (high κ) is highly
desirable for Ge-based CMOS-FETs. In this section, recent research progress of
high-κ dielectrics on Ge-FETs will be introduced.
1.3.1 Introduction to high-κ dielectrics
While the conventional SiO2 gate dielectric is replaced by high-κ material, from
Eq. (1.2), we know that the gate dielectrics can keep the same capacitance with
a much thicker thickness. Thus the tunneling current can be reduced by several
orders of magnitude since it decreases exponentially with increasing thickness. The
replaced high-κ material can also improve the reliability of the gate dielectric.
From device design point of view, all FETs dimensions are required to be scaled
proportionately to keep the electrical and electronic properties of devices stable,
which means that the precise material does affect electrical design, so it is con-
venient to define an ‘electrical thickness’ of the high-κ material in terms of its
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equivalent SiO2 thickness or equivalent oxide thickness (EOT) as [3, 6]




where thigh−κ and κ are thickness and relative dielectric constant of the high-κ
material, respectively, and 3.9 is static dielectric constant of SiO2. For example,
to use HfO2 (κ∼25) as gate dielectric would allow us to use a 6.41 nm thickness
of HfO2 in order to obtain a 1 nm thickness of SiO2 layer. Thus, the EOT of this
HfO2 is 1 nm.
Thus, with thicker physical thickness for the same EOT, high-κ materials can
reduce leakage current flowing from devices greatly. Similar to the requirements
of its integration on Si-based FETs, however, the alternative high-κ material on
Ge-FETs should also have to satisfy a long list of requirements: [3, 6, 44]
(1). It must be thermally stable in contact with Ge to prevent formation of
Ge oxide interfacial layer, and thermally compatible to Ge fabrication process.
(2). It must have large band gap and band offsets with Ge to minimize carrier
tunneling at the dielectrics/Ge interface.
(3). It must have good interface properties with Ge to have a low interface
trap density.
(4). It must have good film morphology to avoid the formation of polycrys-
talline films and grain boundaries.




Based on these requirements, intensive studies have been carried out to find the
appropriate high-κ materials either in amorphous or epitaxial growth on Ge sub-
strate. Amorphous high-κ dielectrics are favorable because they are isotropic and
can avoid grain boundaries at the interface with substrate. The grain boundary
at the interface is believed to be the current tunneling path, which can lead to
larger leakage current in devices. Various amorphous high-κ dielectrics such as
HfO2 [45, 46], ZrO2 [47–49], and Al2O3 [50] have been grown on Ge by using dif-
ferent methods, and their electrical properties were studied. It was found that
the leading high-κ dielectric in Si substrate, HfO2, is not suitable for Ge substrate
directly, because it can react with Ge substrate, and form Germanide, which is un-
stable and would lead to the large leakage current in devices. [45, 51] In contrast,
although Zr-related high-κ dielectrics were screened as gate dielectrics on Si-based
FETs due to the fact that they would react with Si to form unstable Silicides,
Ge-MOS structures with Zr-related high-κ dielectrics exhibit good electrical prop-
erties [47, 48], and there is no interfacial layer at ZrO2/Ge interface [49]. Moreover,
it is noted that that gate dielectrics on Ge that have good electrical performance
are GeON [52, 53], GeAlON [54], GeZrO [45], and GeZrSiO [55]. However, the
formation of Ge oxides during the annealing process is a serious problem for in-
tegrating amorphous high-κ oxides on Ge substrate directly due to the thermal
instability of Ge oxides [28], although it was found that they can be slightly re-
duced with incorporated Al into high-κ oxides during the growth process. [56] In




Another possible way to obtain high-κ dielectrics is to grow single-crystalline high-
κ dielectrics epitaxially on Ge substrate without interfacial Ge oxides. To grow
atomically sharp crystalline high-κ dielectrics on substrate is challenging but highly
desirable because the low-κ oxide interfacial layer would be thermally unstable,
and also could increase EOT, which will no longer be tolerable for long-term ap-
plications. The long-standing problem of epitaxially growing high-κ oxides on Si
substrate was partially solved by Mckee et al. [58] In their pioneering work, al-
kaline earth and perovskite oxides were grown in perfect crystalline on Si (001)
surface, totally avoiding the amorphous silica phase that ordinarily forms when Si
is exposed to an oxygen containing environment. Consequently, other high quality
high-κ dielectrics such as SrTiO3 [59], ZrO2 [158], and HfO2 [61] have been epitax-
ially grown on Si. For epitaxial growth of high-κ dielectrics on Ge substrate, it is
even more difficult than that on Si surface because of the reactive and thermally
unstable Ge surface. It was reported that ZrO2 were epitaxially grown on Ge(001)
surface locally by using ALD, but the large lattice constant mismatch would pro-
duced a high areal density of interfacial misfit dislocations, resulting poor interface
quality. [48] Therefore, it is highly desirable to find a high-κ oxide that has small
lattice mismatch with Ge, and can be epitaxially grown on Ge with high quality.
Besides, atomic structures at high-κ dielectrics/Ge interface remain to be under-
stood, which is essential for growing crystalline high-κ dielectrics on Ge with high












Figure 1.3: Schematic band diagram for high-κ dielectrics and Ge. Definitions of
band offsets (VBO and CBO) are shown.
1.3.2 Band offsets at high-κ dielectrics/Ge interface
The band offsets at the semiconductor/insulator, semiconductor/semiconductor, or
metal/semiconducutor interface are of great importance for applications because
the transport properties at the hetero-junction interface are determined by the
electronic band profiles at the interface. The height at the two valence band edges of
the hetero-interface, valence band offset (VBO), serves as a barrier to prevent holes
tunneling through the interface, while the height at the two conduction band edges,
conduction band offset (CBO) provides a barrier to minimize electrons tunneling,
as Fig. 1.3 shows. In order to effectively minimize carrier tunneling through the
gate dielectric due to thermal fluctuation or quantum tunneling effect, the VBO
and CBO must be larger than 1.0 eV. The high-κ dielectrics that have VBO or
CBO with Ge smaller than 1.0 eV will not be considered for further applications
because of the large tunneling current. Thus, to accurately determine the band
offsets at high-κ dielectrics/Ge interface is very important for high-κ dielectrics to
be integrated on Ge-FETs.
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Experimentally, thanks to the creative work of Kraut et al. [62], x-ray photoemis-
sion spectroscopy has been established a reliable way to determine band offsets
at the heterojunction interface, which is based on the assumption that the energy
difference between the valence band edge and the core-level of the substrate is
constant with/without the overlayer. This has been widely used to accurately de-
termine the valence band offset between ultrathin high-κ dielectrics and their sub-
strate like Si or Ge for the past few years. Chambers et al. measured the valence
band offsets at the crystalline SrTiO3/Si interface by using XPS core-level based
method. [63] They found that the CBO deduced from the VBO at the SrTiO3/Si
is insufficient enough, which precludes the possibility of using SrTiO3 as gate di-
electric on Si substrate if there were no atomic interface engineering methods to
increase the CBO. For band offsets at high-κ dielectrics/Ge interface, Afanas’ev
et al. determined the band alignments at the HfO2/Ge interface using IP spec-
troscopy, and the correspond VBO and CBO is 3.0 and 2.0 eV, respectively. [29]
Band offsets at the Ge3N4/Ge(001) interface were determined by Wang et al. to be
1.11 (VBO) and 2.22 eV (CBO) [42], and the VBO (4.5 eV) and CBO (0.6 eV) at
the GeO2/Ge(001) interface were measured by Perego et al. using XPS also. [33]
Moreover, Mi et al. measured the VBO of LaAlO3 on Ge surface with/without
GeOxNy interfacial layers to be 2.7 and 3.06 eV, and the CBO varies from 2.61 to
2.25 eV. [64] These results indicate that the band offsets at high-κ dielectrics/Ge
interface are asymmetric, and incorporating an interfacial layer at the interface
may tune band offsets.
Theoretically, the procedure of obtaining band offset by using first-principle calcu-
lations is actually similar to that of using XPS to determine band offsets mentioned
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above. Typically, in XPS, the core level and valence band spectra are measured
across the interface; independent measurements on substrate bulk samples are per-
formed to obtain valence-band edge and the core levels, which is then used to line
up the valence bands and obtain the band offsets. All-electron calculations can
actually mimic this approach, and provide information about core-level lineups as
well as band offsets. Although pseudopotential calculations cannot directly provide
core level lineups, since the core electrons are removed from the problem. How-
ever, using average potentials for the lineup is very similar in spirit. The interface
VBO can be evaluated by using the standard ”bulk-plus-lineup” procedure [65–67],
where the VBO is usually split into two terms:
VBO = 4EV +4V (1.4)
The first term of the right hand side is defined as the energy difference of the
valence band maxima of the two independent bulk calculations. The second term
in Eq. (1.4) is the lineup of electrostatic potential generated by the electronic
pseudocharge distribution and by the charge of the bare ion cores, which is a
macroscopic quantity including all of the interface effects. [68] This lineup can be
obtained using the double-macroscopic average technique. [66–68]. This technique
has been widely used to determine the band offsets at crystalline interfaces, such
as ZrO2/Si. [69, 70]
From Eq. (1.4), the VBO at interface is affected by interface properties also exclud-
ing the independent bulk effects, which means that we may engineer the band-offset
for some specific materials by using interface strain (uniaxial deformation and/or
lattice distortions) and interface chemical effects (i.e. different interface chemi-
cal compositions) to obtain positive, symmetric, and large enough band offsets.
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These have been partially studied for isovalent and heterovalent lattice matched
or mismatched interfaces. [65–69, 71] As for crystalline high-κ dielectrics/Si inter-
face, theoretically, Fo¨st et al. shown that by atomically controlling the interfacial
chemical structures one can engineer the electronic properties of the interface to
meet the technological requirements. [72] Due to the formation of different inter-
face net dipoles, they obtained sizable changes of VBO at SrTiO3/Si interfaces.
This is very encouraging and has wide applications in engineering high-κ/Si inter-
faces, as well as high-κ/Ge interfaces. However, few studies have been carried on
interface engineering at crystalline high-κ dielectrics/Ge interfaces. In this thesis,
we will show how interface bonding structures and strain of high-κ dielectrics/Ge
can affect interface properties such as interface stability and band offset.
1.4 Motivations and scope for present work
Although intensive studies have been carried out on surface passivation and high-κ
dielectrics integrations on Ge channel, there are still many challenges in their ap-
plications for Ge-based MOSFETs technologies, such as growth of high quality sur-
face passivation layer for Ge substrate and the integration of high-κ dielectrics on
Ge-FETs. In order to identify the suitable surface passivation materials and alter-
native high-κ dielectrics, it is highly desirable to understand and control interface
electronic structures of surface passivation materials/Ge and high-κ dielectrics/Ge
interface, at atomic scale.
Therefore, the main aim of this study was to investigate how to fabricate high
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quality Ge surface passivation materials and integrate high-κ dielectrics on Ge-
FETs, and study how microcosmic structures such as interface bonding struc-
tures would affect the macroscopical electronic of surface passivation or high-κ
dielectrics/Ge stacks by using first-principles calculations and experimental meth-
ods. More specifically, aims of the study are:
(i) To grow (using atomic nitrogen or oxygen source) high quality Ge passiva-
tion materials (GeO2 and Ge3N4), and to study, both experimentally (using
XPS and TEM) and theoretically (using first-principles calculations), the elec-
tronic, intrinsic defect, and interface properties and thermal stability of the
surface passivations/Ge stacks.
(ii) To grow good quality high-κ dielectrics (SrZrO3) on Ge surface by pulsed
Laser deposition (PLD), and to theoretically and experimentally investigate
interface stability and band offsets at the interface. And, the possibility of
chemically tuning interface properties of SrZrO3/Ge was explored by first-
principles calculations also.
The efforts of studying GeO2 and Ge3N4 based Ge surface passivation materials
and integrating the high-κ dielectric SrZrO3 on Ge channel should provide a funda-
mental theoretical understanding of the electronic properties and interface issues
related to Ge-FETs. These combined theoretical and experimental studies can be
expected to deepen our understandings of the underlying mechanism of Ge-based
engineering technology.
This thesis is organized as following:
18
Chapter 1. Introduction
Chap.2 briefly introduces experimental and theoretical methods used in this study
such as thin film growth techniques (atomic source nitridation and oxidation, and
PLD), interface characterization methods (XPS and TEM), and first-principles
calculations based on density functional theory (DFT). Chap.3 investigates the
growth of GeO2 on Ge using atomic oxygen source, the related thermal stability,
and interface properties. Chap.4 studies electronic and intrinsic defect properties
of bulk Ge3N4 as an alternative surface passivation for Ge-FETs. Chap.5 describes
the growth and characterization of crystalline Ge3N4 ultrathin films on Ge(111)
substrate, and the corresponding interface properties such as interface stability
and band alignments are studied experimentally and theoretically. Chap.6 studies
the growth of good quality SrZrO3 on Ge and the characterization of the related
interface properties, and we will also show how the microscopical interface bond-
ing structures will affect the macroscopical electronic properties. Finally, Chap.7




There is a long list of methods that are suitable for thin film growth and inter-
face electronic structure studies. Each method has its advantages and limitations.
For thin film growth, various deposition techniques can be used, such as chemical
deposition technique (e.g., chemical solution deposition and chemical vapor depo-
sition), physical deposition technique (e.g., sputtering, PLD, and atomic layer de-
position), and other deposition techniques (e.g., reactive deposition and molecular
beam epitaxy). For experimental characterizations of interface properties, there
are many techniques also, such as x-ray diffraction, photoelectron spectroscopy
(i.g., XPS and UPS), and TEM. For theoretical techniques, both empirical (or
semi-empirical) and first-principles methods are available. The choice of technique
should be on a case by case basis, and a combination of two or more techniques
is highly desirable to elucidate an interface structure. In this thesis, a variety of
techniques were employed. They are atomic source oxidation/nitridation and PLD
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for thin film growth, XPS and TEM for interface property characterizations, and
first-principles total energy calculations for electronic properties of various systems.
2.1 Thin film growth techniques
2.1.1 Atomic source oxidation and nitridation
In atomic source oxidation and nitridation, the source gas, such as oxygen or
nitrogen, is introduced into an all-ceramic cavity (discharge zone). A plasma is
induced in the discharge zone by applying inductively-coupled radio frequency
(RF) excitation. The plasma dissociates the feed gas into ions and neutral reactive
atoms. Charged particles are retained within the plasma, and the latter species
effuse through an aperture and plasma-confinement plate into the process chamber.
This effused atomic oxygen or nitrogen is chemically reactive, and can react with
substrates effectively.
The RF atom sources from Oxford Applied Research (OAR) are employed in this
thesis to explore oxidation and nitridation on Ge substrate. The schematic diagram
of these atomic gas sources is shown in Fig. 2.1. The generated oxygen or nitrogen
atoms have much higher reactivity than oxygen and nitrogen ions. Furthermore,
the atomic oxygen or nitrogen source has lower kinetic energy, which would react
with the substrate effectively without the detrimental consequences of high energy
processes. These make the atomic sources ideal for the growth of high quality
nitrides and oxides with high efficiency and uniform coverage. Thus, in this thesis,
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Figure 2.1: Schematic diagram of an atomic source.
atomic oxygen and nitrogen sources were used to obtain high quality oxidation and
nitridation layers on Ge surface.
2.1.2 Pulsed laser deposition
PLD is a physical vapor deposition technique, which has been used to grow various
high quality thin films for more than a decade. In principle, PLD is an extremely
simple technique, where a pulsed laser beam with high power energy is focused
to strike a target with the desired composition in an ultra-high vacuum chamber.
Then, the vaporized material from the target is deposited on a substrate to form
a thin film. The schematic of a PLD is shown in Fig. 2.2.
The detailed mechanisms of PLD are very complicated, but generally the process
can be divided four stage: laser ablation of the target material and creation of a
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Figure 2.2: Schematic diagram of PLD.
plasma, dynamic of the plasma, deposition of the ablation material on the sub-
strate, and nucleation and growth of the film on the substrate surface. Each of
these steps is crucial to obtain an uniform, good crystalline, and stoichiometric
thin film on substrate. In addition, the quality of the thin film is dependent seri-
ously on many other factors such as Laser energy, background pressure, substrate
temperature, and substrate materials. [73]
Compared with other thin film growth techniques such as molecular beam epitaxy
and sputtering deposition, PLD has various advantages. For examples, it is easier
to obtain stoichiometric thin films. In principle, it can deposit any material on
the substrate, and also has super-high instant growth rate. Furthermore, it can
increase the smoothness of the deposited films due to the high density of nucleation
sites. These make PLD an outstanding method for growing high quality thin films
although it is relatively difficult to grow thin film with large area. In this thesis,
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Figure 2.3: Schematic diagram of the photoemission process.
PLD was used to grow good quality SrZrO3 on Ge (001) substrate.
2.2 Characterization techniques
2.2.1 X-ray photoemission spectroscopy
X-ray photoemission spectroscopy (XPS) is an effective and widely used surface
analysis technique, which can measure the elemental composition, empirical for-
mula, chemical state, and electronic state of the elements that exist in the material.
It uses soft x-ray (200∼2000 eV) to irradiate core electrons of materials, and then
kinetic energies of escaped electrons are measured and analyzed, as Fig. 2.3 shows.
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The physical mechanism behind XPS is from photoelectric effect [74] and photo-
electric law [75]. Based on one-electron model and the conservation of energy, the
related energy relation between initial state and final state can be expressed as [76]:
Ekin = h¯ω − [E(A+)− E(A+)], (2.1)
where Ekin is the kinetic energy of the photoionized electron, h¯ω is the excitation
x-ray energy, and the term in the brackets, representing the difference in energy
between the ionized and neutral atoms, is generally called the binding energy (Eb)
of the electron. A photoelectron spectrum can be recorded by measuring the Ekin
distribution of the emitted photoelectron using any approximate electron energy
analyzer and calculating photoelectron binding energy Eb in eV.
Ekin = h¯ω − Eb − φ+ ϕ, (2.2)
where φ is the work function of the solid when Ekin is counted near surface, however,
Ekin is detected by the analyzer then φ is the work function of the analyzer, and ϕ
is the energy shift due to net surface charges of the sample. Through calibration,
(φ-ϕ) should be equal to zero.
In chemistry, binding energy is related to charge state of atoms in samples, and
different atoms in different structures have their unique bind energies. Bind energy
is dependant on the core levels that the photoemission happened, the oxidation
state of the atom, and the local chemical and physical environment. The first one
determines the peak feature of the spectrum, and the change of the latter two
would give rise to small peak shift of the spectrum. This chemical shifts enable us
to obtain information of chemical states.
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Due to the short inelastic mean free path of photoionized electrons, more atomic-
like core level electrons, the unique bind energy of electrons in different materials,
and chemical shifts from formal oxidation states, XPS is a powerful characterization
technique with surface sensitivity, elemental sensitivity, and chemical and electronic
sensitivity. However, the sensitivity of XPS is limited by several factors. Firstly,







where λ is the inelastic mean free path, it is the average distance that an electron
can travel in a solid before it is inelastically scattered. The typical value of λ is
less than 1 nm for electrons with energies at the range of 15 eV∼35 eV, and larger
than 2 nm for electrons with energies at the range of 350 eV∼1400 eV. This makes
XPS surface sensitive. If the spectrum is collected at grazing emission angle, it
would reflect more about surface information (angle-resolved XPS). Secondly, the
detection limitation of XPS for a specific element with an atomic number (Z) of
3 (lithium) and above in the sample is at the range of 0.1%∼1%. And, different
elements have different detect sensitivity, and the general expression for detecting










where Ii and Si are the spectrum intensity and atomic sensitivity factor for element
i, respectively, and the sum stands for the total integrated intensity of all the
scanned atoms. In addition, the energy resolution of spectrum also affects the
sensitivity of XPS, which can be written as:








Figure 2.4: Overview of the VG ESCALAB 220i-XL XPS system.
where ∆En is the intrinsic width of the initial level and the lifetime of the final
state, ∆Ep is the line width of the x-ray source, and ∆Ea is the resolution energy of
the analyzer, in which ∆Ep contributes to the resolution of XPS spectrum mostly.
The XPS system used in this thesis is VG ESCA LAB-220i XL, and the photo of
which is shown in Fig. 2.4. It consists of a X-ray gun in the UHV main chamber,
a monochromator, an ion sputtering gun, a flood electron gun, and an energy
analyzer. The best energy resolution of this XPS system is about 0.45 eV, and
the accuracy of the observed binding energy is within 0.02∼0.03 eV on an absolute
scale after careful calibration. In this thesis, XPS was used to determine band




2.2.2 Transmission electron microscopy
Transmission electron microscope (TEM) is a microscopy technique, whereby a
beam of electrons is transmitted through an ultra thin specimen and interact with
the specimen. The transmitted electrons are magnified and focused onto an imag-
ing device, such as a fluorescent screen, film, or digital camera, to form an atomic
resolution image. [77]
The working principle of TEM is similar to optical microscope. Historically, TEM
was developed because of the limited resolution in optical microscopy, which is im-
posed by the wavelength of visible light. In term of the classical Rayleigh criterion,





where λ is the wavelength of the radiation, µ is the refractive index of the viewing
medium, and β is the semiangle of the collection of the magnifying lens. For optical
microscope, a good resolution of 300 nm can be obtained if green light (λ∼5500 A˚)
is used. In TEM, transmission electrons are used to form images. Based on de
Broglie’s ideas of the wave-particle duality, we can relate the particle momentum





Electrons are accelerated by a potential potential drop, giving them a kinetic en-













This simple equation introduces a very important idea: by increasing the acceler-
ating voltage, the wavelength of electrons decreases. This is what exactly TEM
works: through accelerating electrons at high voltage to reduce the electron wave-
length, then to increase the resolution. For example, in 200 kV accelerating voltage,
the electrons have a wavelength of 0.025 A˚. Whereas the resolution of optical mi-
croscope is limited by the light wavelength, the resolution of TEM is limited by
aberrations inherent in electromagnetic lens, to about 1∼2 A˚. This high resolution
makes TEM one of the most heavily used characterization techniques to obtain full
morphological (grain size, grain boundary and interface, secondary phase and dis-
tribution, defects and their nature, etc.), crystallographic, atomic structural, and
micro-analytical such as chemical composition (at nm scale), bonding (distance
and angle), electronic structure, and coordination number data of the sample.
A schematic diagram of TEM is shown in Fig. 2.5. Electrons emitted from an
electron gun (200∼300 keV) are accelerated and focused by the electromagnetic
lens. After filtered by the apertures, the electron beam penetrates through a thin
sample (approximately 1000 A˚ or less), which normally is fit into a 3 mm diameter
copper grid. The transmitted portion is focused by the objective lens into an image.
If the image is centered on optical axis, this is called bright field imaging mode.
On the other hand, if the objective aperture deviates off optical axis, this is dark
field imaging mode. The bright field or dark field imaging mode of the microscope,
combined with electron diffraction, can give information about the morphology,
crystal phases and defects in a material.
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Figure 2.5: Schematic diagram of a TEM.
However, the success of TEM is restricted on sample preparation heavily, which
requires a thin sample with a hole in the middle, and sufficient thin (approximately
1000 A˚ or less) at the vicinity of the hole edge. This sets high requirements for
sample preparations. Various methods have been used to prepare different samples.
For cross-section samples, the typical preparation process is: the sample is cut into
slices with 3 mm in diameter, then the slice is thinned into 10 µm around by using
grinding and dimpling apparatus, and finally the thin sample is post-thinned using
ion milling. The limitations of TEM also include its poor sampling abilities. The
higher resolution would cause more sampling time. In addition, it is difficult to
interpret TEM images.
The TEM instrument used in this thesis is Philips CM300 FEG-TEM (see Fig. 2.6),
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Figure 2.6: Overview of a Philips CM300 FEG-TEM system.
the accelerating voltage of which is 300 kV, resulting in a point-to-point spatial
resolution of 1.7 A˚. In this study, high resolution TEM (HRTEM) is used to de-
termine the atomic interface structures of β-Ge3N4/Ge(111) and SrZrO3/Ge(100)
interfaces.
2.3 First-principles calculations
First-principles or ab initio calculations refer to calculations that do not rely on
any adjustable parameters. State-of-the art methods for first-principles calcula-
tions studies on electronic properties of materials are based on the solving of the
time-dependent Schro¨dinger equation. In principle, all problems of materials can
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be explained by solving the time-dependent Schro¨dinger equation of the many-
body system [78]. However, this many-body system which typically contains ∼
1023 particles such as in solids, proves to be impossible in practice, just as Dirac
wrote [79]:
The underlying physical laws necessary for the mathematical theory of a large
part of the physics and the whole chemistry are thus completely known, and
the difficulty is only that the exact application of these laws leads to equations
much too complicated to be soluble.
Thus, to make first-principles calculations based on the many-body Schro¨dinger
equation practical, a large number of simplifications and approximations are needed,
in which density functional theory extends the calculations to large systems. In
this section, a brief introduction to density functional theory and techniques for
implementing this theory will be given.
2.3.1 Earlier approximation and density functional theory
In terms of quantum mechanics, the property of a many-body system is described
by Schro¨dinger equation:
HˆΦ = EΦ , (2.10)
where E is the energy eigenvalue, Φ = Φ(r1, r2, ..., rN) is the wave function, and












|rl − rl′| , (2.11)
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where the summation is over all electrons and nuclei in the system, ml is the mass
of an electron or nucleus, and ql is its charge.
For any practical system, one has to resort to many approximation. First of all, the
Born-oppenheimer approximation removes the nuclei from the system and treats
them as in an adiabatic environment due to the fact that the nuclei are much heav-
ier, hence move much slower than the electrons. In this approximation, the kinetic
energy of the nuclei is neglected and the interaction between the nuclei can be han-
dled classically. Thus, the original problem in Eq. (2.10) is reduced to one regarding
a system of interacting electrons moving in an external potential V (r), formed by
a frozen-in ionic configuration. But, due to the electron-electron interaction, the
equation can not still be solved easily. Hatree approximation separates the many-
body equation into independent equations in the coordinates of the individual
electrons, of which Ψ can be written as a product of N one-electron wavefunctions
based on the assumption that the electrons interact only via the Coulomb force.
With incorporation of electron spin effects in later Hatree-Fork equation, the resul-
tant ground state electron wavefunctions can be found variationally by using a trial
wavefunction to solve the equation until the result meets the convergence. This
is the self-consist approximation. However, the calculated energy by solving the
Hartree-Fock equations does not equal to that of many-body Schro¨dinger equation
under the Born-oppenheimer approximation. It turns out that the calculations of
this correlation energy and exchange energy (the energy difference for exchanging
electrons in solving Hartree-Fock equations) of a complex system is extremely dif-
ficult. Overcoming these difficulties to some extent is the driving force to develop
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alternative methods, which are required to describe the electron-electron interac-
tions more precisely and can reduce the electronic Schro¨dinger equation to some
more attractable equations which can be solved much easily in practice.
A breakthrough is from density functional theory. Based on the following two
theorems in terms of the electron density function ρ(r):
Theorem I. If the number of electrons in the system is conserved, the external
potential V (r) uniquely determines the ground state density ρ0(r).
Theorem II. There exist a universal functional of ρ, E[ρ], which is minimized by
the ground state density ρ0(r).
Kohn and Sham carried these theorems further and obtained a single-particle













+ V (r)}ψi(r) = εiψi(r), (2.12)
where the first term in the Kohn-Sham equation is the kinetic energy, and the
following terms are the Coulomb (or Hartree), the exchange-correlation (xc) and
the external (e.g. the ionic) potentials, respectively. Kohn-Sham equation maps a
many-electron interacting system into a single electron system within an effective
potential formed by the nuclei and other electrons. Comparing with the many-
body Schro¨dinger equation in Eq. (2.10), solving the Kohn-Sham equation is much
easier for a practical system, which enables us to calculate a system with hundred
atoms.
Due to the functional dependence on the density, the Kohn-Sham equation forms
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a set of nonlinear coupled equations, and the standard procedure to solve it is
iterating until self-consistency is achieved. Starting from an assumed density ρ(r),
firstly the Coulomb and xc potentials are calculated, then solves Eq. (2.12) for






where the index i goes over all occupied states. This procedure is repeated until self-
consistency (i.e, consistency between the output and input densities) is obtained.
2.3.2 The exchange-correlation functional approximation
The formalism of the Kohn-Sham equation is much simpler than that of other first-
principles methods, such as the Hartree-Fock method. However, in the Kohn-Sham
equation, all items are treated exactly, except one term, the exchange-correlation
functional εxc[ρ(r)], which is unknown. The search for an accurate εxc[ρ(r)] has
proven to be extremely difficult, and various approximations have been made.
Among them, local density approximation (LDA) [80] is the simplest, which is
based on the assumption that, for a system with slowly varying density, the electron
density in a small region near point r can be treated as if it is homogeneous.





where ²xc is the xc energy per electron. Despite its simple form, the LDA is remark-
ably successful in predicting the structural and electronic properties of materials.
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On the other hand, several problems are also encountered with the LDA. For ex-
ample, LDA can not give well description on excited states, thus underestimates
the band gap of semiconductor and insulator. LDA also tends to overbind, so the
calculated lattice constant is underestimated and the cohesive energy is overesti-
mated. In addition, the LDA cannot work well for the Van der Waals interactions,
and it also gives wrong predictions for some strongly correlated magnetic systems.
A improvement for the LDA is the generalized gradient approximation (GGA),
in which the exchange-correlation functional is treated as the functional of the




A variety of choices for f(ρ,∇ρ) can be made. [81, 82] The GGA can correct some
problems of the LDA, such as the overbinding tendency and the wrong prediction
of the non-magnetic ground state of Fe etc. However, the GGA has also the
underbinding problem, which results in the overestimation of lattice constants and
the underestimation of cohesive energies. The excited states, strong correlated
systems, and the Van de Waals interactions also cannot be correctly handled in
GGA.
2.3.3 Bloch’s theorem and supercell approximation
With the density functional theory, the many electron Schro¨dinger equation can
be mapped onto the N one-electron Kohn-Shan equations. However, solid systems
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typically contain ∼ 1023 particles, which requires us to solve the Kohn-Sham equa-
tions with an infinite numbers orthogonalizational equations. This is impractical.
Fortunately, we can reduce the infinite problems to a finite periodic systems based
on the Bloch’s theorem.
For a system of electron moving in a periodic potential, Bloch’s theorem states
that the corresponding wavefunction of the electron has the form:
ψk(r+R) = e
ikruk(r), (2.16)
where uk(r) has the same periodicity as the potential. For a crystal lattice poten-
tial, it satisfies the following translation invariance:
uk(r+R) = uk(r), (2.17)
where R is a real space lattice vector.
Based on this theorem, the wavefunction of a single atom in a lattice can be
written as the product of the plane wave and the periodic function uk(r). Also,
the wavevector k can always be folded into the first Brillouin zone (1BZ) in the
context of electronic property calculations since the electron energy is periodic in
the k-space and each k-point outside the 1BZ can be mapped onto a k-point inside.
The number of k-points in the 1BZ is equal to the number of unit cells in real space.
Since the number of unit cells is in the magnitude of ∼ 1022, the k-points in the
1BZ is quasi-continuous.
Many real systems do not have periodic symmetry along all three dimensions.
For example, an interface system only has periodic symmetry parallel to the in-
terface; carbon nanotube is only one dimension periodic and an isolated atom or
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molecule is completely aperiodic. To study these systems, two approximations are
feasible. One is to model the system with a cluster of atoms. Another is to artifi-
cially construct a periodic symmetry on the aperiodic dimension. This is supercell
technique. For an interface system, the supercell approximation is implemented
by modeling the interface with periodically arranged slabs which are separated
by vacuum layers. To minimize the artificial Coulomb interactions between two
neighbor surfaces, the vacuum layer should be thicker than 10 A˚. The thickness
of the slabs is dependent on the specific case, and normally the slab with smaller
interlayer spacing should has thicker thickness.
2.3.4 Brillouin zone sampling
Electronic states are allowed only at a set of k-points determined by the boundary
conditions that apply to the bulk solid. The density of allowed k-points is pro-
portional to the volume of the solid. The infinite number of electrons in the solid
are accounted for by an infinite number of k-points, and only a finite number of
electronic states are occupied at each k-points. By virtue of Bloch’s theorem, the
calculations of an infinite number of electronic wavefunctions in full space can be
reduced to a finite number of electronic wave functions with an infinite number of
k-points in 1BZ. In principles, each k-points in 1BZ have to be considered for the
calculations, due to the fact that the occupied states at each k-points contribute to






F (ε)δ(εnk − ε)dk, (2.18)
where ΩBZ is the volume of the BZ.
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Fortunately, the electronic wavefunctions at k-points that are very close to together
will be almost identical. This makes it possible to represent the wavefunctions over
a region of k space by the wavefunctions at a single k-point, which indicates that










where ωki is the weight of ki. The magnitude of any error in the total energy due to
inadequacy of the k-points sampling can always be reduced by using a denser set of
k-points. In principle, the k-points mesh should be increased until the calculated
total energy is converged.
Various methods have been proposed for the k-points sampling in the 1BZ [83, 84],
in which one of the most widely used is the Monkhorst-Pack scheme. [84] The basic
idea of Monkhorst-Pack scheme is to construct equally spaced k-points (N1×N2×











where n1, n1, and n3=0,· · ·, Ni-1. Symmetry is used to map equivalent k-points to




2.3.5 Plane-wave basis sets
Based on Bloch’s theorem, the electronic wavefunctions at each k-points can be




cn,k+Gexp[i(k+G) · r]. (2.21)
After expanding the wavefunctions as Eq. (2.21), the Kohn-Sham equations can





|k+G|2δGG′+V (G−G′)+VH(G−G′)+Vxc(G−G′)]cn,k+G′ = εn,kcn,k+G.
(2.22)
In principle, an infinite plane-wave basis set is required to expand the electronic




|k+G|2 are typically more important than those with large ki-
netic energy. Thus, the plane-wave basis set can be truncated to include only




|k+Gcut|2. The truncation of the plane-wave basis set at a finite cutoff
energy will lead to an error in the computed total energy. However, it is possible
to reduce the magnitude of the error by increasing the cutoff energy. Normally,
the cutoff energy should be increased until the total energy has converged.
2.3.6 The pseudopotential approximation
Although Bloch’s theorem states that the electronic wavefunctions can be expanded
using a discrete set of plane-waves, a very large number of plane-waves is needed
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Figure 2.7: Schematic illustration of all electron (solid lines) and pseudoelectron
(dash lines) potentials and their corresponding wavefunctions.
to expand the tightly bound core orbitals and to follow the rapid oscillations of
wave-functions of the valence electrons in the core region due to the strong ionic
potential in this region, which would make the all electrons calculations very ex-
pensive and even impractical for a large system. Fortunately, the pseudopotential
approximation allows the expansion of electronic wavefunctions with much smaller
number of plane-wave basis sets. [85–87]
Based on the fact that most of physical properties of solids are mainly determined
by the valence electrons, the pseudopotential approximation removes the core elec-
trons and strong ionic potential, and replaces them with a weaker pseudopotential
that acts on a set of pseudo wavefunctions rather than the true valence wavefunc-
tions, as Fig. 2.7 shows. The nonlocal and angular momentum dependent pseu-
dopotentials are usually generated from isolated atoms or ions, but can be used in
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other chemical environment such as solids (transferability of the pseudopotentials).





where |lm〉 is the spherical harmonics and Vl is the pseudopotential for the angular
momentum l.
The construction of the pseudopotential within the core radius rc should preserve
the scattering properties, which means that the scattering properties for the pseudo
wavefunctions should be identical to that of the ion and core electrons for the
valence wavefunctions. The scattering properties are satisfied automatically in the
region outside the rc since there the pseudopotential and the true potential are the







Norm-conserving pseudopotentials are very successful for solids of s, p-bond main
group elements, but they do not give good results for the first-row elements, transi-
tion metals, and rare-earth elements due to the highly localized valence orbitals in
these elements. Fortunately, this difficulty has been overcome by introducing the
so-called ultrasoft pseudopotentials proposed by Vanderbilt. [88] More recently, a
more accurate and efficient pseudopotential formalism, the projector augmented-
wave (PAW) [89, 90], has been developed by Blo¨chl. Compared with the ultrasoft
pseudopotentials, PAW has smaller the radial cutoffs (core radii), and also recon-
structs the exact valence wave function with all nodes in the core region, which
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makes PAW more accurate than ultrasoft pseudopotentials in many systems while
the calculations using PAW are not more expensive.
2.3.7 VASP and CASTEP
VASP (Vienna ab initio simulation package) [91, 92] and CASTEP (Cambridge
serial total energy package) [93] are two first-principles calculations codes within
density functional theory frame, which use ultrasoft pseudopotentials or the PAW
method and a plane wave basis set. The approach implemented in these two coded
is based on the (finite-temperature) LDA with the free energy as variational quan-
tity and an exact evaluation of the instantaneous electronic ground state at each
molecular dynamics (MD) time step. They also use efficient matrix diagonalisa-
tion schemes and an efficient Pulay/Broyden charge density mixing. Thus, they
can give information about total energies, forces and stresses on an atomic system,
as well as calculating optimum geometries, band structures, optical spectra, etc.
They can also perform molecular dynamics simulations.
In this thesis, VASP and CASTEP have been heavily used to calculate the elec-
tronic properties of various systems such as bulk GeO2, Ge3N4, SrZrO3, or inter-
faces of Ge3N4/Ge and SrZrO3/Ge. Specifically, the optical and dielectric proper-
ties of Ge3N4 and Si3N4 were calculated by using CASTEP in Chap.4, and VASP
was used to calculate the electronic properties of GeO2 in Chap.3, intrinsic de-
fect properties of Ge3N4 in Chap.4, and interface properties of Ge3N4/Ge and
SrZrO3/Ge in Chap.5 and Chap.6, respectively.
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Interface properties of GeO2/Ge
(001)
3.1 Introduction
For Ge-based field effect transistors (FETs), Ge dioxides were attracted much
attention as gate dielectrics at the beginning because they are compatible to the
fabrication process of conventional Si-based technology. However, in contrast to
superior interface properties of SiO2 on Si surface, it was found that Ge oxides were
unstable thermally and chemically, and were not good surface passivation layers
or gate dielectrics for Ge-FETs. [28] Therefore, how to passivate Ge surface is a
critical issue for fabricating high performance Ge-FETs.
More recently, however, GeO2/Ge interface is receiving renewed interest due to the
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unavoidable formation of GeOx during growing high-κ oxides on Ge directly. [29–
33, 35, 36] It was found that thermally oxidized Ge-MOS shows good electrical
properties [31], and the interface trap density can be lower than 1011cm−2eV−1. [36]
These make ultra-thin GeO2 a potential surface passivation material for Ge-FETs.
Band offsets at semiconductor/insulator interface are important for applications
because they provide tunneling barriers for carriers. To minimize the possible
leakage current, conduction (CBO) or valence band offset (VBO) must be larger
than 1 eV. The band offsets at GeO2/Ge(001) interface have been studied by some
groups. [29, 33–35] For example, Afanas’ev and Stesmans extracted the band offsets
of GeO2/Ge(001) from HfO2/GeOx/Ge(001) stacks using internal photoemission
(IPE) spectroscopy. [29, 35] However, the value of VBO they obtained is much
smaller than that determined by x-ray photoemission spectroscopy (XPS) later [33,
34], and the mechanism contributed to this variety of VBO is not well understood
yet. Furthermore, it is highly desirable to grow perfectly stoichiometric GeO2 thin
films since Ge sub-oxides are not electrically favorable, i.e. the thermal stability of
GeO is much lower than that of GeO2. In addition, the study of nitrogen doped
effects on thermal stability and electronic properties of GeO2 is limited also.
In this chapter, high quality GeO2 thin films will be prepared on Ge (001) sub-
strates by using atomic source oxidation, and the corresponding band alignments
will be studied by using high resolution XPS. First-principles calculations will be
carried out to explore effects of oxide defects on band alignments at the interface.
Besides, nitrogen doped effects on thermal stability and electronic properties of
GeO2 will be studied also.
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3.2 Methodology
Atomic source oxidation was used to grow high quality GeO2 on Ge (001) substrates
at 280 C◦. After oxidation, in situ XPS measurements were performed using a VG
ESCALAB 220i-XL system with monochromatic Al Kα (1486.7 eV) source. The
best energy resolution of this XPS system is about 0.45 eV, and the accuracy of
the observed binding energy is within 0.03 eV on an absolute scale after careful
calibration. In order to obtain higher resolution, all spectra were collected in a
constant pass energy mode at 10 eV. A shirley-type background was subtracted
using the relative sensitivity factors (RSFs, 1.42 for Ge and 2.93 for O) for our
measurement, which took into consideration both the corresponding photoioniza-
tion cross sections of Scofield and the transmission function of the spectrometer
provided by the manufacturer.
The x-ray photoemission spectroscopy (linear and Kraut methods [62, 63]) was
used to determine the band alignment at GeO2/Ge interface, which is based on
the assumption that the energy difference between the valence band edge and the
core-level peak of the substrate is constant with/without an overlayer. Thus, the
core level and valence band edge of the substrate can be used as references to align
the core level and valence band edge of the overlayer, and then the valence band
offset at the interface can be determined based on the following equation:
∆Ev = (E
substrate
CL − Esubstratev ) + ∆ECL − (EoverlayerCL − Eoverlayv ), (3.1)
where EsubstrateCL and E
substrate
v are the core lever binding energy and valence band
edge of the substrate, and EoverlayerCL and E
overlayer
v are the core level binding energy
and valence band edge of the overlayer, respectively. ∆ECL is the core level bind
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energy difference between thicker overlayers and the substrate.
First-principles calculations that are based on density functional theory (DFT)within
the generalized gradient approximations (GGA) were carried out by using the
VASP package [91, 92] with the frozen-core projector-augmented wave (PAW) pseu-
dopotentials. [89] A cutoff energy of 500 eV was used for planewave-expansion of
electron wave-function. 3×3×4 supercells of rutile-GeO2 were used for the calcula-
tions of GeO2 with intrinsic defects. A mesh of 4×4×8 based on Monkhorst-Pack
scheme was used for k point sampling in the first Brillouin zone for the calcula-
tions of rutile GeO2 unit cell, and a 2×2×2 k mesh for supercell calculations. All
structures were thoroughly optimized by minimizing the Hellmann-Feynman force
acting on the atoms until it is smaller than 0.02 eV/A˚.
3.3 Band alignments at GeO2/Ge interface
For a material to be used as gate dielectrics, it needs to satisfy the require-
ments mentioned above such as large band alignments at the interface between
dielectrics/substrate. For band alignments at GeO2/Ge interface, it was found
that the measured band alignments are varied much with different measurement
methods, and mechanism inside is unclear. Thus, in this section, GeO2 will be
grown on on Ge (001) substrate by using atomic oxygen source, and then the band
alignments will be measured by using in situ high resolution XPS. Besides, the
mechanism that contributes to different band alignments at GeO2/Ge interface will
be explored by using first-principles calculations.
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Figure 3.1: The XPS survey spectrum of Ge peaks in GeO2/p-Ge(001) thin films.
3.3.1 High quality GeO2 on Ge (001) substrates
GeO2 dielectrics were grown on Ge(001) as follows. The dilute HF solution cleaned
p-Ge substrate was annealed at 500◦ in high vacuum (2.0×10−9 mbar) for 5 minutes
to get clean surface. An atomic oxygen source from Oxford Applied Research
(OAR) was used to oxidize the Ge substrate at 280◦C in an oxygen partial pressure
of 5.0×10−5 mbar with a radio-frequency power of 250 W for 50 minutes. After
oxidation, the samples were annealed for 20 minutes at 250◦C in oxygen ambient
to minimize possible oxygen vacancies, and then in situ XPS measurements were
carried out.
The XPS results are shown in Fig. 3.1. From this XPS survey of GeO2/Ge, there
are no carbon or nitrogen related peaks found, which indicates that these thin films
do not have carbon or nitrogen based contaminations. The quality and thickness
of the grown Ge oxides on Ge were investigated by high resolution XPS also, as
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Figure 3.2: The original and fitted XPS Ge spectrum of GeO2 dielectrics on p-
Ge(001).
Fig. 3.2 shows. Three main peaks were found in Fig. 3.2, where the peaks at
29.80±0.03 eV and 30.40±0.03 eV arise from the doublet of Ge substrate, and
the peak at 33.80±0.03 eV with a well defined width ω=1.42±0.04 eV (FWHM)
is from Ge component in amorphous Ge oxides. The chemical shift of Ge be-
tween Ge substrate and Ge oxides is 4.00±0.04 eV, which indicates the peak at at
33.8±0.03 eV is due to the formation of GeO2. This is consistent with previous
results. [28, 30, 31, 33, 94] It is noted that no suboxidation states of Ge such as
Ge1+, Ge2+, or Ge3+ are found in this Ge oxides through peak fitting, which means
that the Ge oxides are perfectly stoichiometric GeO2.
The thickness of the thin oxide can be estimated using the method developed for
the SiO2/Si, where the thickness of the oxide layer can be expressed as a function
of the ratio of Ge 3d peaks from the oxide layers and the substrate based on the
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following equation:






where λGeO2 and α are the inelastic mean free path and the photoelectron take-off
angle, respectively. The ratio of the Ge 3d intensities for a pure Ge sample and a









where E is the electron kinetic energy, and a is the monolayer thickness. More-
over, the inelastic mean free path can be estimated based on Tanuma-Powell-Penn
method. [98–100] For the mean free path of Ge 3d photoelectron induced by Al
radiation, it is estimated to be around 3.3 nm. Thus, based on these equations,
the thickness of the oxide layers can be estimated to be 5.2 nm.
3.3.2 Band alignments at GeO2/Ge(001) interface
The x-ray photoemission method (linear and Kraut methods [62, 63]) has been
widely used to determine band discontinuities at various semiconductor/insulator
interfaces, which is based on the assumption that the energy difference between the
valence band edge and the core-level peak of the substrate is constant with/without
the overlayer. Therefore, in this case, the valence band and core-level spectra of Ge
3d peak from the Ge substrate can be used as reference to align the valence-band
and core-level of the GeO2 overlayer to determine the valence-band offset.
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Figure 3.3: The valence-band and Ge 3d spectra of Ge substrates with/without
oxide overlayer: (a) bare Ge substrates, (b) Ge substrates with oxide overlayer
prepared at 280 ◦C for 50 mins (photoelectron takeoff angle of 90◦).
The results of the valence-band and core-level Ge 3d spectra of Ge with/without
a GeO2 overlayer are shown in Fig. 3.3. The leading valence band edge of bare
Ge substrate was measured to be 0.05±0.02 eV, and the energy difference between
the valence-band edge and the core-level Ge 3d5/2 peak was determined to be
29.40±0.03 eV for Ge (001) substrate. It is noted that this binding energy from
the p-Ge substrate would increase to 29.80±0.03 eV when the GeO2 was grown,
which indicates that the band edge of p-Ge substrate bends downward at the
interface. This is consistent with the shift of Ge 3d core level of p-Ge substrate
toward higher binding energy reported by Hovis et al. [95], while Ge 3d core level
of n-Ge substrate would shift toward lower binding energy after the growth of Ge
oxides. [33, 96]
After aligning to Ge 3d core level from the the substrate, the leading valence band
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edge of GeO2 overlayer is located at 4.64±0.02 eV as shown in Fig. 3.3(b). Thus,
the VBO at GeO2/Ge(001) interface is determined to be 4.59±0.03 eV by simple
subtraction. The CBO is given by the relation VBO+CBO=∆Eg. Based on the
experimental band gaps of bulk GeO2 (5.80 eV [33, 97]) and Ge (0.67 eV), we can
obtain the CBO (0.54±0.03 eV) of GeO2/Ge(001).
The VBO is much larger than 1 eV, but the CBO is only 0.54±0.03 eV, which
is insufficient to minimize possible electron tunneling in Ge-MOS devices. The
VBO is in good agreement with those reported by Perego et al. [33], but it is
much larger than that reported by Afanas’ev et al. who obtained 2.0 eV for the
VBO of GeO2/Ge from HfO2/GeOx/Ge(001) stacks using IPE spectroscopy [29,
35], in which the oxide defects might be formed easily due to improper oxygen
partial pressure during the fabrication process. Thus, this large difference might
be attributable to the formation of oxygen (O) and Ge vacancies at different stages
of forming HfO2/GeO2/Ge(001) stacks. To verify this assumption, we calculate
the projected density of states (PDOS) of intrinsic defects in GeO2 supercell using
first-principles method in next section.
3.3.3 Impact of oxide defects on the band alignments
Intrinsic defects such as vacancies and interstitials may be produced during the
growth process due to thermal or partial pressure fluctuation, and their stability is
given by the corresponding formation energy. A defect with lower formation energy
is more stable. In GeO2, there are four kinds of intrinsic defects: oxygen vacancy,
oxygen interstitial, Ge vacancy, and Ge interstitial. Their formation energy is given
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Table 3.1: Calculated intrinsic defect formation energies of rutile-GeO2
O-poor O-rich
O-vacancy -1.12 eV 4.79 eV
O-interstitial 9.85 eV 4.65 eV
Ge-vacancy 13.54 eV 4.36 eV
Ge-interstitial 4.12 eV 15.92 eV
by the following equation:
Ef = E
D
tot − E0tot ± niµi, (3.5)
where EDtot is the total energy of the rutile GeO2 supercell containing the defect,
E0tot is the total energy of the perfect GeO2 supercell. ni is the number of atoms
removed (vacancy, +) or added (interstitial, −) from the host supercell, and µi is
the chemical potential of the corresponding atom. Based on Eq. 3.5, the formation
energies of four intrinsic defects in rutile-GeO2 were calculated, and summarized
in Table 3.1. At the initial oxidation stage, O-poor ambient may occur if oxygen
partial pressure were not well controlled. In O-poor ambient, the formation energy
of O vacancies (-1.12 eV) is much lower than that of other intrinsic defects (13.54 eV
for Ge vacancies, 4.12 eV for Ge interstitials, and 9.85 eV for O interstitials) in
GeO2, which indicates that O vacancy is the main source of defects in GeO2. Thus
PDOS of GeO2 with/without an O vacancy was calculated, as shown in Fig. 3.4.
From the calculated PDOS, it was found that the valence band edge of GeO2 is
mainly from p states of O, and the conduction band edge is composed of the hybrid
of s states of Ge and p states of O. Compared with Fig. 3.4(a) (PDOS of perfect
GeO2, it clearly shows that the O vacancy (Fig. 3.4(b)) induces electronic states
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Figure 3.4: The PDOS of GeO2 with/without O vacancy: (a) total DOS of GeO2,
(b) total DOS of GeO2 with a vacancy, (c) the projected oxygen DOS of GeO2
with a vacancy, and (d) the projected Ge DOS of GeO2 with a O vacancy.
(yellow circle in Fig. 3.4(b)) at the valence band edge. Smaller band gap caused
by these defects states and the induced states at valence band edge would lead to
the reduction of VBO at GeO2/Ge(001) interface.
During the oxidation process, it is also found that the oxidation rate decreased with
the increase of oxidation time, indicating that the formed GeO2 layers might block
the O atoms penetrating into underlying layer to further oxide the Ge surface.
This self limitation effect might lead to O-rich ambient at the late oxidation stage.
In O-rich ambient, the formation energy of Ge vacancies decreases to 4.36 eV,
which indicates that Ge vacancies might be generated in GeO2. The calculated
PDOS of GeO2 supercell with a Ge vacancy is shown in Fig. 3.5(b). The unpaired
O atoms due to the Ge vacancy induce electronic states at valence band. These
states decrease the band gap of GeO2 to 1.34 eV, and they also reduce the VBO
of GeO2/Ge(001) interface.
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Figure 3.5: Total DOS and PDOS of (a) GeO2, (b) GeO2 with a Ge vacancy, and
(c) GeO2 with a Ge vacancy substituted by Hf atom.
In high-κ oxides/GeOx/Ge(001) stacks, the mutual diffusion (diffusion of metallic
ions from high-κ oxides into GeO2, and diffusion of Ge ions into high-κ oxides) at
the interface of high κ oxides/GeO2 may occur at the thermal annealing process,
and the metallic ions from high-κ oxides would occupy Ge vacancies because the
metallic ions are more electropositive. [38, 57] We also studied the effects of diffused
metallic atoms (Hf) in GeO2 on the electronic properties of Ge oxides, as shown
in Fig. 3.5(c). It is noted that the electronic states due to the unpaired oxygen
bonds would be pushed away from the valence band edge when the Ge vacancy
was replaced by a Hf atom. Similar effect was found if the vacancy was replaced
by an Al atom, but an unpaired dangling bond of the O atom due to insufficient
valence electrons of Al atom would lead to a slightly smaller VBO of GeO2/Ge
extracted from Al2O3/GeOx/Ge than that from HfO2/GeOx/Ge stacks. The VBO
of GeO2/Ge extracted from high-κ/GeOx/Ge should be still smaller than that of
ideal GeO2/Ge since their valence band edge shifts toward to the fermi level. In
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addition, it was reported that the mutual diffusion could lead to poor quality of
the interface and dielectrics, consequently with poor electrical properties. [46, 57] If
oxygen pressure is insufficient during the whole growing process, O vacancies would
be dominant. The diffused Hf atoms may go into O vacancy sites, and form Hf-Ge
bonds. Our calculations show that this would generate a metallic interface, which
is consistent with experimental results. [38, 57]. Thus, oxygen partial pressure
needs to be precisely controlled during the growing process in order to obtain high
quality of GeO2 dielectrics.
3.4 Effects of nitrogen incorporation on band align-
ments and thermal stability at GeO2/Ge in-
terface
The band alignments at GeO2/Ge interface were determined in the previous sec-
tion. The VBO satisfies the requirements, but the CBO is smaller than 1.0 eV and
not sufficient to minimize carrier tunneling. It is well known that to incorporate
some nitrogen into SiO2 can improve the mechanical properties, increase the di-
electric constant, and also can increase the thermal stability, which is attractive for
many applications in Si-based MOS devices. Naturally, similar benefits could be
expected by incorporating some nitrogen into GeO2/Ge, but more studies in this
topic are still desired due to the limited previous studies. In this section, nitrogen
will be incorporated into GeO2 by using atomic source nitridation, and its effects
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on band alignments and thermal stability will be studied by using XPS. In addi-
tion, first-principles calculations will be carried out to study the VBO reduction
of nitrogen incorporated GeO2.
3.4.1 Incorporated nitrogen into GeO2
Single crystal p-Ge (100) substrates were cleaned using 5% HF first, and then
annealed at 500◦ at high vacuum of 2.0×10−9 mbar for 5 minutes in order to
remove carbon based contaminations and native Ge oxides, which was verified by
in situ XPS measurement.
Atomic oxygen source of Oxford Applied Research (OAR) has been used to oxidize
the Ge substrates at 280◦C in an oxygen partial pressure of 5.0×10−5 mbar at
a radio-frequency power of 250 w. To determine band alignments at GeO2/Ge
or GeOxNy/Ge interface, thinner GeO2 or GeOxNy layer is preferable in order to
obtain substrate information, thus the oxidation time is about 50 minutes. To
determine thermal stability of GeO2 or GeOxNy on Ge surface, the oxidation time
is 70 minutes to get thicker layers. Consequently, the samples were nitrided at
various time using atomic nitrogen source of OAR at 250◦C in 3.0×10−5 mbar
nitrogen partial pressure at 400 w RF power. After nitridation, the samples were
annealed 30 minutes at 200◦C in nitrogen ambient to minimize possible vacancies
and interstitials, and then they were transferred to an analysis chamber for in situ
XPS measurement on a VG ESCALAB 220i-XL system with a monochromatic Al
Kα (1486.7 eV) x-ray source.
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Figure 3.6: The XPS spectra of Ge 3d core level of GeO2 and GeOxNy with different
nitridation time.


















Figure 3.7: The XPS spectra of N 1s peaks of GeOxNy with different nitridation
time.
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The XPS spectrum of Ge 3d peak of GeO2 (oxidized 50 minutes) and GeOxNy with
different nitridation time on Ge (100) substrate was shown in Fig. 3.6. During the
nitridation process, it was found that nitrogen can be effectively incorporated into
GeO2 films at 250
◦C in high vacuum. If the temperature is higher than 300◦C, the
Ge-O bonds start to dissociate, while low temperature would lead to low incorpora-
tion efficiency. Figure. 3.7 is the the spectra of N 1s peaks with different nitridation
time. After 15 minutes nitridation, about 6.0% nitrogen would be incorporated into
GeO2, and the thickness increase to 6.6 nm. With increasing nitridation time, more
nitrogen will be incorporated, and after 90 minutes nitridation, the concentration
of nitrogen in GeO2 is about 18.0%, but the thickness slightly reduced to 6.5 nm,
which may result from the fact that the long time nitridation made the thin films
denser. The decreasing nitridation rate with nitridation time indicates that the
formed GeOxNy will block nitrogen to penetrate into sub-layers to react with GeO2
or Ge substrate.
From Fig. 3.7, it was shown that the binding energies of N 1s peaks decrease with
increasing nitridation time. The main peak of N 1s is at 398.4 eV after 15 minutes
nitridation, and it shifts to 397.6 eV after 90 minutes nitridation. This may be
attributable to the variety of N valent states during the nitridation process. At the
initial nitridation stage, N occupied interstitial sites, and formed N-O bonds. Due
to the stronger negativity of O atoms, N atoms would lose some electrons and be
positive, which would increase the bind energy. After thermal annealing, most of
N atoms would occupy O vacancy sites, and formed Ge-N bonds, resulting in the
reduction of bind energy. The formation of Ge-N bonds is also confirmed by the
down shift of Ge 3d peaks during the nitridation process in Fig. 3.6.
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Figure 3.8: The valence-band and Ge 3d spectra of Ge substrates with/without
oxide and oxynitride overlayers: (a) bare Ge substrates, (b) Ge substrate with oxide
overlayer prepared at 280 ◦C for 50 mins, and (c) Ge substrate with oxynitride
overlayer nitrided at 250◦C for 90 mins (photoelectron takeoff angle of 90◦).
3.4.2 Effects of nitrogen incorporation on band alignments
at GeO2/Ge interface
The x-ray photoemission method (linear and Kraut methods [62, 63]) was used to
determine band alignment at GeOxNy/Ge interface, and the details can be found in
Sec.3.3. Again, the valence-band edge and Ge 3d core-level from Ge substrate were
used as the references to align valence-band edge and core-level of the overlayers
GeOxNy, as Fig. 3.8 shows.
Figure. 3.8(a) is the Ge 3d spectra and valence band edge of p-Ge substrate. The
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Figure 3.9: The valence-band edges of GeOxNy/Ge with different nitridation time
: 15 mins, 60 mins, and 90 mins.
mean peak of Ge 3d is at 29.4 eV, and the valence band edge locates 0.05 eV, which
are used to align the Ge core level and valence band edge of GeO2 and GeOxNy, as
shown in Fig. 3.8(b) and (c). The valence band edge of GeOxNy on Ge substrate is
at 4.14 eV, thus the VBO at GeOxNy/Ge (001) interface with 90 mins nitridation
can be determined to be 4.09 eV by simple subtraction. Compared with the value
of VBO (4.59 eV) of perfectly stoichiometric GeO2 on Ge substrate, the VBO
reduces 0.5 eV due to the incorporated nitrogen into GeO2 on Ge (001) surface.
Figure. 3.9 is the dependence of band edge at GeOxNy/Ge interface on different
nitridation time. It is clearly shown that with increasing nitridation time, the VBO
of GeOxNy/Ge would decrease. At 15 mins of nitridation, there is about 6% nitro-
gen incorporated into the thin film, and the corresponding VBO is about 4.53 eV,
slightly smaller than that of GeO2/Ge. When the nitridation time increases to
60 and 90 mins, the VBO would decrease to 4.30 and 4.09 eV, respectively, as
Fig. 3.9(b) and (c) shows. Thus, by increasing the nitrogen amount in GeOxNy
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Figure 3.10: The calculated DOS and PDOS of: (a) perfect GeO2 supercell, (b)
GeO2 supercell with an O vacancy substituted by N atom, and (c) GeO2 supercell
with two O vacancies substituted by two N atoms.
thin film, the VBO would further decrease, and it could be expected that with more
nitrogen in GeOxNy, the VBO would be reduced to 1.10 eV, approaching that of
Ge3N4/Ge. [42, 101] To explore the mechanism of this nitrogen induced VBO re-
duction, first-principles total energy calculations of GeO2 supercell with/without
nitrogen were carried out, and the results are shown in Fig. 3.10. Since oxygen
vacancies are the main source of intrinsic defects in GeO2, the nitrogen is placed in
the oxygen vacancy. From Fig. 3.10(a) and (b), it is found that the incorporated
nitrogen in GeO2 supercell would induce electronic states at the valence band edge
due to the unpaired nitrogen dangling bond. This would cause the reduction of the
VBO and the band gap. It is also noted that with more nitrogen in GeO2 supercell,
more electronic states would occupy the valence band edge, resulting in the further
reduction of VBO and band gap, as Fig. 3.10(c) shows. This is consistent with
above experimental results.
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For the band offsets at GeO2/Ge interface, it is found that the CBO is only 0.54 eV,
and insufficient to minimize electron tunneling. By incorporating some nitrogen
into GeO2 thin film, we can decrease the VBO, and increase the related CBO. Thus,
we can tune the band offsets at GeOxNy/Ge interface effectively to obtain more
symmetrical and sufficient band offsets through varying the nitrogen concentrations
in GeOxNy thin films.
3.4.3 Effects of nitrogen incorporation on thermal stability
at GeO2/Ge interface
For materials to be used as gate dielectrics or surface passivation materials for
Ge-FETs, they must be thermally stable with the substrate. To be compatible
with Ge-based fabrication process, the related materials must be thermally stable
to 400◦C at least.
In order to investigate thermal stability of GeO2/Ge and GeOxNy/Ge, thicker
GeO2 films (oxidation time 70 minutes, about 10.0 nm) were prepared on Ge (001)
surface, and then nitridation were conducted in high vacuum. The films were
annealed at increasing temperatures for 2 minutes, and consequent XPS measure-
ment of Ge 3d, and O 1 s core level spectrum were used to determine the thermal
stability, which is related to the variety of these core level spectrum. Figure. 3.11
shows XPS spectra of Ge 3d and O 1s for GeO2/Ge and GeOxNy/Ge at different
annealing temperatures. In Fig. 3.11(a), it was noted that Ge 3d peaks from Ge
substrate do not appear at the annealing temperature of 250◦C and 300◦C due to
thick thickness of GeO2 films on Ge surface, and Ge 3d peaks from GeO2 remain
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Figure 3.11: (a) The Ge 3d and O 1s spectrum of GeO2/Ge with different annealing
temperature; (b) the Ge 3d and O 1s spectrum of GeOxNy/Ge with different
annealing temperatures.
at 33.2 eV at these two annealing temperatures, but the peak height of Ge 3d
at 300◦C is slightly lower than that at 250◦C. O 1s peaks do not shift, and the
peak height also slightly decreases when the annealing temperature increases from
250◦C to 300◦C. This indicates that GeO2 on Ge can be thermally stable up to
300◦C in high vacuum, and it start dissociating at 300◦C. While the annealing
temperature increased to 325◦C, Ge 3d and O 1s peaks from GeO2 disappeared,
and Ge 3d peaks from Ge substrate appear at 29.4 eV, which means that GeO2
was dissociated completely at 325◦C in high vacuum.
When the GeO2 thin films were nitrided 90 minutes at 250
◦C using atomic nitrogen
source, about 18.0% of nitrogen would be doped into GeO2, and stable GeOxNy
will be formed on Ge after annealing. Its thermal stability was studied by in situ
XPS also, as shown in Fig. 3.11(b). It was found that the GeOxNy thin films can be
thermal stable up to 325◦C on Ge surface, slightly larger than GeO2 on Ge surface,
64
Chapter 3. Interface properties of GeO2/Ge (001)
and dissociated thoroughly at 350◦C. This indicates that N incorporated into GeO2
can increase the thermal stability, and it can be expected that the thermal stability
will increase if more N is incorporated into GeO2, as the thermal stability of Ge3N4
on Ge is up to 550◦C. [42]
Effects of N doped into SiO2 or HfO2 have been extensively studied, in which it
was found that N incorporated into SiO2 or HfO2 can increase the thermal stability
and dielectric constant, and reduce the band gap to some extend. [3, 102–106]
Similarly, the incorporation of nitrogen into GeO2 would increase the dielectric
constant of GeO2 since the dielectric constant of Ge3N4 (∼7.0 [39]) is larger than
that of GeO2 (∼5.5 [33]). Moreover, the incorporated nitrogen would also reduce
the band gap of GeO2 due to the induced electronic states from unpaired N p
electrons near the valence band edge. However, with the incorporation of nitrogen,
GeOxNy can obtain improved mechanical properties and higher thermal stability.
More importantly, the incorporated nitrogen can effectively tune the band offsets
at GeOxNy/Ge to obtain large enough band offsets.
3.5 Chapter summary
In this chapter, stoichiometric GeO2 dielectrics with good quality have been grown
on Ge(001) using atomic oxygen source, and the corresponding VBO and CBO were
determined by in situ photoemission spectroscopy to be 4.59±0.03 and 0.54±0.03 eV,
respectively. Our calculations show that oxygen and Ge vacancies formed at differ-
ent oxidation stages may cause the reduction of VBO at GeO2/Ge(001) interface.
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This explains the large difference of VBO determined by XPS directly (Pergo et
al. [33], Ohta et al. [34], and this research) and extracted from high-κ/GeOx/Ge
stacks (Afanas’ev et al. [29]).
Effects of nitrogen incorporation on electronic and thermal stability of GeO2 on
Ge (001) substrate were studied by using high resolution XPS and first-principles
calculations. The incorporation of nitrogen into GeO2 would induce electronic
states at valence band edge due to unpaired N p electrons, which is attributable
to the reduction of VBO. It was also found that VBO and band gap decrease
with increasing nitrogen concentrations in GeOxNy thin films. This provides us an
effective method to tune band offsets at GeOxNy/Ge interface to obtain sufficient
large and symmetrical band offsets. In addition, the incorporation of nitrogen can
increase the thermal stability of GeO2 slightly. However, the thermal stability of
GeOxNy with 18 % nitrogen concentration is only about 325
◦C, which can not meet
the requirement of Ge-based fabrication process, and more nitrogen is needed to
further increase the thermal stability, thus in next Chapters, the possibility of using
Ge3N4 as the surface passivation material will be explored by using first-principles
calculations (Chap. 4 and Chap. 5), XPS, and TEM (Chap. 5).
66
Chapter 4
Electronic and defect properties
of Ge3N4
4.1 Introduction
Besides GeO2, another potential surface passivation material for Ge-FETs is Ge3N4.
Due to its excellent mechanical, thermal, and electrical properties, Ge3N4 has at-
tracted much attentions in many fields. Recently, many studies have been explored
to use Ge3N4 as a surface passivation material for Ge-FETs. It was found that
Ge3N4 has good insulating properties and is thermally compatible to Ge fabrication
process. [37, 42] Moreover, some studies found that Ge-FETs with Ge3N4 as gate
dielectrics have excellent electrical properties. [39, 40] These make Ge3N4 not only
a buffer layer to grow high κ dielectrics on Ge but also as a potential passivation
layer for Ge-based FETs. [29, 46, 107]
67
Chapter 4. Electronic and defect properties of Ge3N4
Theoretically, Ge3N4 can exist in at least five possible structures, i.e., α, β, γ,
pseudocubic, and graphitic phases, in which α, β, and γ phases are more en-
ergetically favorable than the other two phases [108], and had been successively
synthesized experimentally. [109–111] Ching et al. investigated electronic and op-
tical properties of γ-Ge3N4 using first-principles calculation with orthogonalized
linear combination of atomic orbital (OLCAO) method. [112] Electronic proper-
ties of β- and γ-Ge3N4 [69, 114] and vibration properties [113] for phase transition
from β-Ge3N4 to γ-Ge3N4 were studied by first-principles method also. However,
the dielectric properties of α and β-Ge3N4 have not been fully investigated yet, and
both theoretical and experimental studies such as defect and interface properties
are needed for Ge3N4 as gate dielectrics on Ge.
Furthermore, it is well known that CMOS devices are vulnerable to native defects
in dielectric oxides, which might cause larger tunneling current, shift the threshold
voltage, lower the dielectric constant, or make it difficult to create gate electrodes
with band edge effective work functions. [115–117] Defects also play an important
role for optimizing fabrication process to obtain high quality thin film. The intrinsic
defect properties of Ge3N4 are important issues for Ge3N4 to be used as a gate
dielectric or buffer layer to integrate other high κ material with Ge. However, the
intrinsic defect properties of Ge3N4 are not well understood also.
Thus, in this chapter, first-principles total-energy calculations will be used to study
the electronic, dielectric, and intrinsic defect properties of Ge3N4 systematically,
in which CASTEP code is used to study the structural, electronic, and optical
properties of Ge3N4 in α, β, and γ phase, while VASP and supercell approximation
are used to study the intrinsic defect properties of β-Ge3N4.
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4.2 Methodology
In order to calculate electronic and dielectric properties of α, β, and γ-Ge3N4,
first-principles calculations based on the density functional theory (DFT) using the
CASTEP code [118, 119] were carried out using local-density approximation (LDA)
for exchange-correlation functional and the Vanderbilt ultrasoft pseudopotentials
for ionic potentials. [88] A cutoff energy of 340 eV was used for planewave expansion
of electron wavefunction in our calculations. 21, 20, and 28 k-points generated
according to the Monkhorst-Pack scheme [84] were used for α, β, and γ-phase,
respectively, for sampling of the first Brillouin Zone. With these parameters, the
convergence (1 meV) of total energy was achieved for all structures.
For the defect properties of Ge3N4, we used ab initio calculations based on density
functional theory (DFT) within the local density approximations (LDA) and the
pseudopotential-plane-wave method. All calculations were carried out using the
VASP package. [91, 92] The Vanderbilt ultrasoft pseudopotentials were used for
ionic potentials. [88] A cutoff energy of 400 eV was used for planewave-expansion
of electron wave-function. The Gamma center grids were used for k point sampling
in the first hexagonal Brillouin zone, with a mesh of 3×3×8 in the bulk calculation
and a similar k point spacing in the defect calculations. The calculated bulk lattice
constants are a=b=7.98 A˚ and c=3.06 A˚, and the calculated LDA band gap is
2.45 eV. These values are consistent with previous first-principles calculations. [113,
122] A supercell consisting of 2×2×3 β-Ge3N4 unit cells was used in the defect
calculation. A vacancy or interstitial is modeled by removing or adding one N or
Ge atom from the host supercell, respectively. The large supercell size separates
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the two adjacent defects by about 10 A˚ , which is sufficient to minimize the artificial
Coulomb interaction between the defects. [121] The defect energy calculated using
a larger supercell 2×2×4 changed by only 0.05 eV. All structures were thoroughly
optimized by minimizing the Hellmann-Feynman forces acting on the atoms until
it is smaller than 0.02 eV/A˚.
4.3 Electronic properties of bulk Ge3N4
Electronic properties give basic information about the materials such as their sta-
bility, bonding structures, and band gap. In this section, structural, electronic and
dielectric properties of Ge3N4 will be studied using first-principles calculations.
4.3.1 Structural properties of Ge3N4
Among the phases of α-, β-, and γ-Ge3N4, both α- and β-Ge3N4 have hexagonal
structure and two different types of N atoms, while γ-Ge3N4 is spinel cubic struc-
ture. Similar to the natural spinel structure MgAl2O4, there are four equivalent N
atoms and two different types of Ge atoms in γ-Ge3N4, where one Ge atom occu-
pies the center of an N tetrahedron, as Mg in MgAl2O4, and is four coordinated.
The other two Ge atoms are six coordinated and reside at the center of a distorted
N octahedron. All three structures have Ge-N covalent bonds with tetrahedral
hybridization. This is a favorable property for gate dielectrics as it makes Ge3N4 a
good diffusion barrier, due to lack of ionic diffusion channels in Ge3N4 and higher
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Table 4.1: Calculated equilibrium structural parameters and electronic properties
of α-, β-, and γ-Ge3N4 with LDA method.
Structure α β γ
Space group P31c P63/m Fd3¯m
Lattice constant (A˚) a = b = 8.07, c = 5.83 a = b = 7.90, c = 3.02 a = b = c = 8.05
Experiment a = b = 8.20, c = 5.941 a = b = 8.03, c = 3.082 a = b = c = 8.213
E0 (eV/unit) −1415.342 −1415.348 −1415.072
V0(A˚
3/unit) 82.211 81.586 65.120
Eg (eV) 3.15 (indir) 3.07 (dir) 2.33 (dir)




coordination of N sites that decreases network diffusion which might result in larger
defect concentrations and tunneling current. [3]
The equilibrium structural properties such as lattice constant, bulk volume and
total energy per unit of α-, β-, and γ-Ge3N4 were calculated and listed in Table 4.1.
Our first-principles total energy calculations show that α- and β-Ge3N4 are more
energetically favorable than γ-Ge3N4 by 0.26 eV/unit. The total energy difference
between α- and β-Ge3N4 is negligibly small, only 6 meV/unit under low pressure
despite of their different bonding structures. β-Ge3N4 is the most stable phase of
Ge3N4, which is in good agreement with other first-principles calculations. [108,
113] Under high temperature (above 1000 ◦C) and high pressure (above 12 GPa),
β phase may transform to γ phase, as shown experimentally by Leinenweber and
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co-workers. [111]
The calculated lattice constants of the three types of Ge3N4 are consistent with
results of others DFT calculations. [112, 113, 120] However, the calculated lattice
constants are slightly smaller than the experiment values, by 1.65%, 1.59%, and
2.03% for α-, β-, and γ-Ge3N4, respectively, due to the well-known LDA underesti-
mations of lattice constant. At room temperature, Ge3N4 is amorphous. Generally,
amorphous dielectrics are favorable because they are easily produced, through ther-
mal oxidation and/or nitridation, and are isotropic without grain boundaries with
substrate that might result in higher leakage current. Another method to avoid
grain boundaries is to use epitaxial technique, for instance, epitaxial nitride layer on
Ge surface, of which the lattice constant of gate dielectrics must match the lattice
constant of Ge, or the interface strain would build up during the epitaxial process,
leading to poor quality of epitaxial layers and interface structures. [3, 6] The lattice
mismatch of Ge3N4 (001)/Ge(111) structure is very small, less than 2.5% for all
three structures, which means that it is possible to use epitaxial technique to grow
Ge3N4 on Ge surface layer by layer.
4.3.2 Electronic properties of Ge3N4
The electronic band structures and partial density of states (PDOS) of α-, β-, and
γ-Ge3N4 were also calculated with LDA, and the results are shown in Fig. 4.1.
Meanwhile, the corresponding band gaps are listed in Table 4.1.
Fig. 4.1(a) is the band structure of α-Ge3N4. The top of valence band is at Γ-point,
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Figure 4.1: The calculated LDA band structures of (a) α-Ge3N4, (b) β-Ge3N4, and
(c) γ-Ge3N.
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and the minimum of conduction band lies at M -point, generating an indirect LDA
band gap with a value about 3.15 eV. β-Ge3N4 is a direct band gap insulator
[see Fig. 4.1(b)] with both the maximum of valence band and the minimum of
conduction band located at the Γ-point. The LDA band gap of β-Ge3N4 is about
3.07 eV, slightly smaller than that of α-Ge3N4. Figure 4.1(c) shows the band
structure of γ-Ge3N4, which has a direct LDA band gap at the Γ-point also. The
LDA band gap of γ-Ge3N4 is about 2.33 eV. The different bonding structures result
in a smaller band gap and a flatter top of valence band of γ-Ge3N4, compared with
α- and β-Ge3N4.
Figure 4.2 shows the PDOS of α- and β-Ge3N4. The PDOS of γ-Ge3N4 is not
shown here because it had been presented in other reports. [69, 112] In the PDOS
of α-Ge3N4 [Fig. 4.2(a)], the lower energy parts from −18 to −11 eV are dominated
by s electron states of N atoms, and the higher energy parts of valence bands from
−11 to 0 eV are mainly contributed by p electron states of N atoms. The lower
parts of conduction bands result from the hybridization of s and p electron states of
Ge atoms largely. The PDOS of β-Ge3N4 and γ-Ge3N4 are similar to α-Ge3N4, and
the upper parts of valence and the lower parts of conduction bands are governed
mainly by p electron states of N atoms and the hybridization of s and p electron
states of Ge atoms respectively.
It is well known that DFT with LDA describing the exchange-correlations among
electrons underestimates the band gap to some extent. Thus, the real band gap of
these three structures would be larger than the LDA values given here. Experimen-
tally, the band gap of amorphous Ge3N4 is about 4.0 eV. [123] Dong et al. obtained
the improved band gap values of 3.95 and 3.97 eV for β- and γ-Ge3N4, respectively,
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Figure 4.2: The partial density state (PDOS) of Ge3N4: (a) α-Ge3N4, (b) β-Ge3N4.
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using generalized density-functional theory (GDFT). [113] These results indicate
that the real band gap of Ge3N4 is about 4.0 eV, which is large enough for gate
dielectrics on Ge-based FETs.
4.3.3 Optical properties of Ge3N4
Optical properties such as dielectric function, electron loss function, absorption,
and reflectivity are useful both in characterizing material properties and provid-
ing the basis for various applications including light-emitting devices and Laser
techniques. Here, we used CASTEP to investigate the optical properties of Ge3N4.
The imaginary part of optical dielectric constant was calculated from the self-
consistent electron wave function and energy based on the following equation:





|〈Ψck| uˆ · ~r |Ψνk〉|2 δ(Eck − Eνk − E), (4.1)
where uˆ is the unit vector defining the polarized direction of the incident electric
field. The real part of the dielectric constant, ε1(ω), can be deduced from through
the Kramers-Kronig relation. The static dielectric constant could be obtained from
the zero frequency limit without considering the lattice vibration contributions.
The calculated dielectric functions of α-, β-, and γ-Ge3N4 are shown in Fig. 4.3.
The imaginary part of the dielectric function, ε2(ω), shown in Fig. 4.3(b), was
generated from Eq(4.1), and its real part, ε1(ω), shown in Fig. 4.3(a), was obtained
from the Kramers-Kronig relation. Other optical properties such as absorption
index, reflectivity, refractive function, conductivity, and energy loss function can
be deduced from the dielectric function. The static dielectric constant is given by
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the zero frequency limit of the real part of dielectric function. From Fig. 4.3(a),
it is clear that γ-Ge3N4 has the largest static dielectric constant of 6.27 among
the three structures. ε1(ω), as a function of phonon energy, reaches a peak at the
phonon energy 5.70 eV with the value of 10.35. Due to their similar electronic
structures, the real parts of dielectric function of α- and β-Ge3N4 look similar.
But, the static dielectric constant of β-Ge3N4 is about 4.74, slightly larger than
that of α-Ge3N4 (4.70). The peak position of ε1(ω) is at 4.76 eV with a peak value
of 7.47 for β-Ge3N4, while α-Ge3N4 has a peak value of 7.62, located at the photon
energy of 4.98 eV.
Figure 4.3(b) shows the imaginary part of the dielectric function. Optical absorp-
tion index is proportional to the imaginary part of dielectric function, and the
absorption edge (tail structure) is determined by the transmission between the
top of valence band and the bottom of conduction band. The absorption edge of
γ-Ge3N4 is the smallest among three structures, about 2.37 eV, which is in good
agreement with the calculated LDA band gap, and the absorption edges of α- and
β-Ge3N4 are almost at the same point (about 3.10 eV) since the values of their
band gaps are close. The absorption peaks of α-, β, and γ-Ge3N4 are located at
photon energies of 8.99, 8.08, and 7.93 eV, respectively.
Generally, materials for gate dielectrics with large κ value are preferred because
they could reduce the possible tunneling current from gate to substrate/channel
and provide large equivalent oxide thickness value for future continuous downscal-
ing of devices for more generations. The static dielectric constant for α-, β-, and
γ-Ge3N4 we calculated are 4.70, 4.74 and 6.27, respectively. The static dielectric
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Figure 4.3: Dielectric function of α-, β-, and γ-Ge3N4: (a) The real part of dielectric
function, (b) the imaginary part.
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constant of γ-Ge3N4 (6.27) we obtained using first-principles method with ultra-
soft psudopotentials and plane wave basis is in good agreement with the result
(6.20) of Ching et al. [112] obtained using the OLCAO method. There are no
experimental values of static dielectric constant available for α-, β-,and γ-Ge3N4.
However, the experimental value for amorphous Ge3N4 is about 9.0 [40], which is
larger than the values obtained in our calculations because it incorporated with
other contributions such as lattice vibration.
4.4 Intrinsic defect properties of Ge3N4
Intrinsic defects in materials affect electronic and electrical properties of materials
significantly, which might lower the dielectric and lower the band gap also. In
this section, the intrinsic defect properties of β-Ge3N4 will be studied by using
first-principles calculations based on density functional theory (DFT).
4.4.1 Formation energy of defects in β-Ge3N4
The intrinsic defect properties of Ge3N4 were explored based on β-Ge3N4 because
β-Ge3N4 is the most stable among various possible structures of Ge3N4. [108, 113,
114, 120, 122] Furthermore, β-Ge3N4 has a small lattice mismatch with Ge (111),
and might be grown epitaxially on Ge (111) surface.
The formation energy of an intrinsic defect in neutral state is defined in Eq. 3.5.
The chemical potential of nitrogen under different pressures can be determined as
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following. In Ge3N4 thin film, we assumed that Ge bulk and nitrogen gas reservoirs
are in thermal equilibrium. This requires:
4µN + 3µGe = EGe3N4 , (4.2)
where EGe3N4 , µN , and µGe are the DFT energies and the corresponding chemical
potentials. By defining the formation enthalpy in the process of forming Ge3N4,
Hf = EGe3N4 − (2EN2 + 3EGe), (4.3)
where EN2 and EGe are the total energies per nitrogen molecule and Ge atom in
Ge bulk, respectively, combined with Eq (4.2) we can obtain:
Hf = (4µN − EN2) + (3µGe − 3EGe). (4.4)
As is well known that the chemical potential for an element cannot be larger than
its bulk (or gas) elemental phase, thus µN is allowed to vary over the range
1
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Once the bound for the chemical potential of nitrogen was found, based on the
above equations, the formation energy of four types of native defects in β-Ge3N4,
i.e., N vacancy, N interstitial, Ge vacancy, and Ge interstitial, can be calculated
with given N chemical potential and the results are shown in Fig. 4.4. The extreme
N-rich condition is given by the energy of N in a N2 molecule, and the lower
limit of N-poor condition corresponds to that in β-Ge3N4. In β-Ge3N4, all Ge
atoms are four-coordinated and equivalent. The three-coordinated N atoms, on
the other hand, are not equivalent and reside at two different sites, N2c and N6h,
respectively. [113] Both types of N vacancies of β-Ge3N4 are considered here. The
vacancies at the N6h sites are more energetically favorable than that at the N2c
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Figure 4.4: Dependence of formation energies of intrinsic defects in β-Ge3N4 on N
chemical potential.
sites by about 0.03 eV from our calculations. The calculated formation enthalpy
of β-Ge3N4 is about −3.16 eV. The range of N ambient, from N-poor to N-rich is
small, which results in a narrow fabrication window. This might be a problem to
get high quality thin film of β-Ge3N4 because there is not much room to control
the N-ambient.
The intrinsic defects can be generated during the growth and deposition process
because of thermal fluctuation or growth conditions. In N-rich ambient, the forma-
tion energies of N vacancy (N6h site), N interstitial, Ge vacancy, and Ge interstitia
are about 3.44, 6.87, 9.38, and 5.53 eV, respectively. The higher formation energy
of the defects indicates that they are difficult to be generated. From Fig. 4.4, it
is noted that no matter in N-rich or N-poor ambient, the formation energy of N
vacancy is much lower than those of other three intrinsic defects, i.e., N interstitial,
Ge vacancy, and Ge interstitial. Thus, N vacancies are expected to be the main
source of native defects in β-Ge3N4 due to their low formation energy. From N-poor
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Figure 4.5: Defect energy levels aligned to the band offsets of Ge3N4/Ge.
to N-rich, the formation energies of N vacancy and Ge interstitial increase. On the
contrary, the formation energies of N interstitial and Ge vacancy decrease. But
they are still quite high, compared with the formation energy of N vacancy. The
higher formation energy of N vacancies in N-rich ambient provides a possible way
to reduce the concentration of intrinsic N vacancies in β-Ge3N4, i.e., by growing
β-Ge3N4 thin film or bulk sample in N-rich ambient.
We calculated the defect energy levels of these four types of intrinsic defects of
β-Ge3N4 in neutral state. Following the procedure of Foster et al., [126, 127]
we enlarged the LDA band gap to match experimental value for β-Ge3N4, and
aligned the energy levels with the known band offsets of Ge/Ge3N4 [42], as shown
in Fig. 4.5. We can see in Fig. 4.5 that although the formation energy difference
between the two types of N vacancy is small, they have different defect energy levels.
It was found that the defect energy level of N2c vacancy is near the conduction
band of Ge and in the middle of the band gap of Ge3N4, which suggests that
the electrons of N vacancies in β-Ge3N4 might tunnel into the conduction band of
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Ge. The defect energy level of N6h vacancy is 1.20 eV below the conduction band
of β-Ge3N4. The defect energy level of N interstitial is near the valence band of
Ge, which implies that N interstitial might trap the electrons from the Ge valence
band. Our calculations also show that Ge vacancy and interstitial do not induce
any defect energy level in the band gap of β-Ge3N4.
4.4.2 Defect passivation methods
From the defect formation energy and defect energy levels of N vacancies, it can
be concluded that N vacancies are the main source of defects in Ge3N4. The
N vacancies in Ge3N4 shift the fermi level, from 3.20 eV (the maximum valence
band edge of Ge3N4) to 4.06 eV (the midst of the band gap of Ge3N4), which
makes electrons tunnel much easier. Therefore, electron tunneling, such as Poole-
Frenkel hopping or trap assisted tunneling, is the conduction mechanism in Ge3N4
film. [128] The large tunneling current in devices can cause serious problems. [115–
117] Thus, how to reduce the concentration of N vacancies is the main concern for
fabricating high quality Ge3N4 thin film. As mentioned above, one possible way is
to grow Ge3N4 in N-rich ambient because in N-rich ambient, the formation energy
of nitrogen vacancies, the main source of intrinsic defects, would increase.
Another possible way of reducing N vacancies is to deposit a thin layer of Si on Ge
surface. To address this possibility, we calculated the formation energy of N va-
cancy at N6h site in β-Si3N4, and compared it with β-Ge3N4 (see the Fig. 4.6). The
formation enthalpy of β-Si3N4 is about −10.80 eV, which gives a wider N chemical
potential window to control the N ambient. From N-poor to N-rich ambient, the
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Figure 4.6: Comparison of formation energies of N vacancies in Ge3N4 and Si3N4.
formation energy of N vacancy increases as that in β-Ge3N4. It is noted that the
formation energy of N vacancy in β-Si3N4 is much larger than that in β-Ge3N4
whether in N-rich ambient or N-poor ambient. Due to the higher formation energy
of N vacancy and wider fabrication window, we might deposit a thin layer of Si
on Ge surface before nitridation process to reduce the N vacancies. But the sub-
sequent nitridation process needs to be carefully optimized to obtain high quality
thin films.
Similar to the idea of incorporation of N into HfO2 to passivate the intrinsic oxygen
vacancies [71, 158], we might incorporate some oxygen into Ge3N4 to passivate the
N vacancies. Much work has been done on GeNxOy as a buffer layer for Ge based
FETs experimentally, [107, 129, 130] but few study has been focused on using
oxygen to passivate N vacancies in Ge3N4. Further study is needed to find ways to
reduce and passivate the N vacancies in Ge3N4 in order to use it as gate dielectrics,
passvation layer, or buffer layer for Ge-based FETs. As it is well known, DFT
calculations within the LDA frame underestimate the band gap, and the calculated
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defect energies must be corrected. The band gap of β-Ge3N4 we calculated is
3.07 eV, and the experimental value is about 4.0 eV. [37] Therefore, further work
such as GW [131] calculation is needed to give accurate defect energies.
4.5 Chapter summary
In this chapter, first-principles total energy calculations were used to explore the
possibility of using Ge3N4 as the surface passivation material for Ge-FETs, in which
the electronic, dielectric, and intrinsic defect properties of Ge3N4 were calculated.
It was noted that the surface symmetry and surface lattice constant of β-Ge3N4
(0001) surface, the most stable phase of Ge3N4, match well with Ge (111) 2×2
surface, which indicates that it is possible to grow β-Ge3N4 on Ge (111) substrate
epitaxially. The calculated band gap of α, β, and γ-Ge3N4 is about 3.15, 3.07, and
2.33 eV, and the corresponding static dielectric constant is 4.70, 4.74, and 6.27,
respectively. These satisfy the basic requirements of gate dielectrics for Ge-FETs.
Moreover, the calculated formation energies of intrinsic defects in Ge3N4 show that
nitrogen vacancies should be the main source of intrinsic defects of Ge3N4 due to
their lower formation energy. These nitrogen vacancies induce electronic states
near Ge conduction band edge, and might become charge trapping center resulting
in large leakage current in applications. The formation energies of intrinsic defects
are dependant on the nitrogen pressure, and the formation energies of nitrogen
vacancies decrease with increasing nitrogen pressure. This provides us a possible
way to reduce the intrinsic nitrogen vacancies in Ge3N4 by growing it in nitrogen
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rich ambient. Another possible way to reduce the nitrogen vacancies is to deposit
a thin layer of Si on Ge surface before nitridation since the calculations show that







The electronic and dielectric properties of Ge3N4 have been studied by using first-
principles calculations in Chap.4, which satisfy the basic requirements such as band
gap and dielectric constant of gate dielectrics or surface passivation materials for
Ge-FETs, but Ge3N4 still needs to satisfy many other requirements, i.e, good
interface stability or large band alignments with Ge before it is used in Ge-FETs.
The interface quality and band offsets between semiconductor/insulator are vital
for applications, because the former determines electrical properties of devices such
as mid-gap interface state density, and the latter determines the tunneling barrier
height for carrier in devices.
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Good quality of amorphous Ge3N4 has been grown on Ge (100) substrate by Tak-
agi et al. [39, 41], and it was found that the mid-gap interface state density at
Ge3N4/Ge(001) can be low to 1.8×1011cm−2eV−1. [41]. The thermal stability and
band offset of amorphous of Ge3N4/Ge(001) can satisfy the requirements of Ge-
FETs. [42] Generally, amorphous dielectrics are favorable because they are easily
produced and isotropic. Polycrystalline dielectrics, on the other hand, are not
isotropic because of the presence of grain boundaries, which also result in higher
leakage current. Another way to avoid grain boundaries is to form an epitaxial
layer. More recently, epitaxial growth of Ge3N4 on Ge (111) has been attracted
much interest [43], since the theoretical calculations predicted that the epitaxial
growth is possible. [122, 132] However, the study of crystalline Ge3N4/Ge(111) in-
terface is still limited, and more information about the atomic interface structures
and properties are highly desirable.
In this chapter, we will study the epitaxial growth of Ge3N4 on Ge as an alter-
native surface passivation layer, including film growth, interface characterization,
and electronic structure calculations. More specifically, the interface properties
of Ge3N4/Ge will be studied by using high-resolution transmission electron mi-
croscopy (HRTEM), x-ray photoemission spectroscopy (XPS), and first-principles
total energy calculations based on density functional theory (DFT).
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5.2 Methodology
Atomic source nitridation method was used for epitaxial growth of Ge3N4 on Ge
(111). After nitridation, in situ XPS measurements were performed using a VG
ESCALAB 220i-XL system with monochromatic Al Kα (1486.7 eV) source. The
quality of the thin films were examined by high resolution transmission electron
microscopy (HRTEM) also.
To study possible interface structures and electronic properties of β-Ge3N4 (0001)/Ge
(111) theoretically, density functional theory (DFT) within the generalized gradient
approximations (GGA) were performed by using the VASP package [91, 92], with
the frozen-core projector-augmented wave (PAW) pseudopotentials. [89] A cut-
off energy of 500 eV was used for planewave-expansion of electron wave-function.
The Gamma centered grids were used for k point sampling in the first hexagonal
Brillouin zone, with a mesh of 3×3×8 for the primitive cell of bulk β-Ge3N4 cal-
culations. The calculated bulk lattice constants of β-Ge3N4 are a = b = 8.12 A˚
and c = 3.11 A˚, and the calculated GGA band gap is 2.43 eV. These values are
consistent with results of previous first-principles calculations. [113, 122] In the
calculations of interface slabs (a = b = 8.15 A˚ and c = 42.0 A˚, including 10.0 A˚
vacuum), a 3×3×1 k mesh was used. All structures were thoroughly optimized by
minimizing the Hellmann-Feynman forces acting on the atoms until it is smaller
than 0.02 eV/A˚.
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5.3 Experimental study of crystalline Ge3N4 on
Ge (111)
Generally, amorphous dielectrics are favorable because they are easily produced
through thermal oxidation and/or nitridation, and are isotropic without grain
boundaries with substrate that might result in higher leakage current. Another
method to avoid grain boundaries is to use epitaxial technique, for instance, epi-
taxial nitride layer on Ge surface. Since the lattice constant mismatch between
β-Ge3N4 (0001) and Ge (111) is small, it is possible to epitaxially grow β-Ge3N4
on Ge (111) substrate. In this section, atomic source nitridation technique will be
used to epitaxially grow Ge3N4 on Ge (111), and the related interface properties
will be explored by using TEM and XPS.
5.3.1 Growth of crystalline Ge3N4 on Ge
β-Ge3N4 is the most stable among various possible structures of Ge3N4 [69, 108,
114, 120, 122], and its lattice constant of (0001) surface matches well with the
lattice constant of Ge(111) surface, which indicates that it might be possible to
grow β-Ge3N4 epitaxially on Ge(111) surface. [43, 122, 132] Crystalline Ge3N4
with thin thickness has been grown on Ge (111) substrate by using plasmon N2
gas at high temperature [43], while in this study atomic nitrogen source was used
to explore the possibility of growing crystalline Ge3N4 on Ge (111) surface at lower
temperature. The growth of crystalline Ge3N4 on Ge (111) surface is described
following: single crystal p-type Ge(111) was annealed at 500◦ at high vacuum
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Figure 5.1: TEM images of crystalline Ge3N4 on Ge(111): (a) A TEM image of
crystalline Ge3N4 on Ge(111); (b) TEM image with higher resolution.
7.0×10−10 mbar for 5 minutes after it was cleaned in 5% HF to get the clean
surface. Then, the Ge substrate was nitrided at 400◦C in a pressure of 3.0×10−5
mbar for 2 hours using Oxford Applied Research (OAR) atomic nitrogen source
with the radio-frequency of 400 w.
High resolution transmission electron microscopy (HRTEM) images indicate that
under this fabrication process, crystalline Ge3N4 can be grown on Ge(111), as
shown in Fig. 5.1. From the TEM image, the epitaxial layer of Ge3N4 with well
crystalline quality can be seen clearly on Ge (111) substrate, and the measured dis-
tance of two neighboring layers at Ge3N4 and Ge(111) side is about 3.0 and 3.25 A˚,
respectively, which is in agreement with the surface lattice constant of β-Ge3N4
(0001) and Ge(111). From the TEM images, the thickness of the epitaxial layer of
Ge3N4 grown under the above conditions is measured to be about 3.0 nm, which
is consistent with the result reported by Maeda et al. [40] using similar growth
conditions. The epitaxial growth of Ge3N4 on Ge (111) surface was realized by
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Lieten et al. [43] also at the temperature of 700◦C around using thermal nitrida-
tion method. This high temperature growth technique can obtain high quality and
single-crystalline β-Ge3N4, but with much thinner thickness due to the evaporation
of Ge3N4 at high temperature.
5.3.2 Band alignments at crystalline Ge3N4/Ge interface
The band offsets that provide tunneling barrier for carriers at the interface of semi-
conductor/insulator are critical for electronic applications because they determine
the possible leakage current in devices. To obtain acceptable low static leakage
current, both of the conduction band offset (CBO) and valence band offset (VBO)
must be larger than 1 eV. The band offsets of amorphous Ge3N4 on Ge(001) had
been evaluated by Wang et al. using XPS [42], and the corresponding CBO and
VBO are about 2.22 and 1.11 eV, respectively. But the study of band offsets of
crystalline Ge3N4/Ge(111) is still limited, whether theoretically or experimentally.
Thus, the band alignments of crystalline Ge3N4 on Ge (111) substrate was studied
by using photoemission spectroscopy based on linear and Krauts methods, which
assumes that the core level and valence band edge of the substrate remain constant
with/without the overlay, and thus here, the core level and valence band edge of
Ge substrate can be used as reference to align the Ge3N4 overlayer. [62, 133] The
results of the valence-band and core-level Ge 3d spectra of Ge with/without a
Ge3N4 overlayer are shown in Fig. 5.2. The clear doublets of Ge 3d5/2 and Ge 3d3/2
of bare Ge substrate in Fig. 5.2(a) indicate the high resolution of the XPS analyzer.
The leading valence band edge for bare Ge substrate was measured to be 0.02 eV,
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which are used to align the valence band edge of Ge3N4. For the nitridation of
Ge3N4 layer on Ge (111) surface in our experiment, the angle resolved XPS shows
that the thickness of Ge3N4 is very thin, about 3 nm, since the penetration depth
of x-ray photoelectron with the energy of 1486.6 eV is about 10.0 nm, and at the
take-off angle 90◦, the Ge 3d peak from the Ge3N4 is weak, as shown in Fig. 5.2(b).
This estimation is consistent with previous TEM result. At the take-off angle
30◦, the XPS is more surface sensitive, thus the measured Ge 3d peak from the
Ge3N4 became stronger, but Ge 3d peak from Ge substrate can be still observed
in Fig. 5.2(c). From Fig. 5.2(c), we can obtain the leading valence band edge
of Ge3N4, which is located at 1.05 eV. Therefore, the VBO at the interface of
Ge3N4/Ge(111) is determined to be 1.03 eV by simple subtraction.
The relation between CBO and VBO is given by:
VBO + CBO = 4Eg. (5.1)
The experimental band gap of β-Ge3N4 is somewhat uncertain, but it should be
close to 4.0 eV, since the band gap of amorphous Ge3N4 varies from 4.0 eV [37] to
4.5 eV [39] dependent on different fabrication processes, and the calculated band
gap of β-Ge3N4 is about 4.0 eV based on generalized density functional theory
(GDFT). [113] If we assumed the band gap of Ge3N4 and Ge is 4.0 eV and 0.67 eV,
respectively, we can deduce the CBO of this interface structure, and it is 2.30 eV.
Both of the VBO and CBO are large enough to minimize the carrier tunneling.
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Figure 5.2: The valence-band and Ge 3d spectra of Ge substrates with/without
nitride overlayer: (a) bare Ge substrates, (b) Ge substrates with nitride overlayer
prepared at 400 ◦C for 2 h (photoelectron takeoff angle of 90◦), and (c) Ge sub-
strates with nitride overlayer prepared at 400◦C for 2 h (photoelectron takeoff
angle of 30◦).
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5.4 Theoretical study of β-Ge3N4 (0001)/Ge (111)
interfaces
The crystalline β-Ge3N4 on Ge(111) was realized by using atomic source nitridation
and verified by HRTEM, and the band alignments at the interface were studied
by using XPS also, but it is highly desirable to get more information about the
interface, such as possible atomic interface structures and their stability. In this
section, first-principles calculations will be used to study the interface properties
ofβ-Ge3N4 (0001)/Ge (111) at atomic scale, and the effects of dangling bonds on
the interface properties will be studied also.
5.4.1 Interface models and energetics of β-Ge3N4 (0001)/Ge
(111)
For interface structures of β-Ge3N4 (0001)/Ge (111), there are many possibilities
even for abrupt interfaces. For the interface structures between high-κ oxide and
Si interface, Robertson and Peacock proposed general bonding rules, which state
that: (1) terminate with enough excess oxygen so that the interfacial Si dangling
bonds are formally Si+ and empty, or (2) terminate with excess metal so that
the interfacial Si dangling bonds are formally Si− and filled. [71] These general
bonding rules are very instructive, so we constructed two interface structures of
β-Ge3N4(0001)/Ge(111) based on these rules, as shown in Fig. 5.3.
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Figure 5.3: The interface models for β-Ge3N4(0001)/Ge(111) (Blue atoms are N,
larger cyan atoms are Ge of Ge3N4, smaller cyan atoms are Ge of Ge(111) substrate,
and label D means the atom with a dangling bond).
The interface structure in Fig. 5.3(a) is similar to an interface structure of β-
Si3N4(0001)/Si(111) proposed by Zhao and Bachlechner. [134] Three of the four
Ge (smaller cyan atoms) atoms of the first Ge(111) layer near the interface bond to
three N atoms of β-Ge3N4, and the fourth Ge atom is right at the bottom of another
N atom of β-Ge3N4. This structure has four dangling bonds at the interface per
unit due to the unsaturated four Ge atoms (three Ge atoms (larger cyan atoms))
from the first layer of Ge3N4 at the interface, and the other one from the first
layer of Ge(111)). Dangling bonds at the interface are undesirable for applications
because they would become charge trapping centers, which might increase the
tunneling current in the devices. Fig. 5.3(b) is another possible interface structure
we proposed. One of Ge atoms of Ge(111) at the interface bonds to three Ge atoms
of β-Ge3N4, forming the tetrahedral bonding structure. The other three Ge atoms
of Ge(111) bond to three N atoms of β-Ge3N4 at the interface and one N atom at
the center of the three Ge atoms. This interface structure forms perfect bonding
structure, without any dangling bond at the interface.
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For a given interface structure, its stability is determined by its formation energy.
If an interface formation energy is smaller, the corresponding interface structure is
more energetically favorable, or, more stable. In our interface slab structures, the
interface formation energy can be defined as following:
Ef =
Etot − nEGe3N4 −mEGe ± ιµN
2A
(5.2)
where Etot is the total energy of the interface supercell, n and m are the numbers
of Ge3N4 and Ge bulk units in the slab, respectively. EGe3N4 and EGe are the
corresponding total energy. ι is the number of nitrogen (N) atoms added (−, N-
rich situation) or removed (+, N-poor situation) in forming the interface structure,
and µN is the chemical potential of N atoms. A is the basal area of the slab.
Here, DFT total energies were used instead of the Gibbs free energies, since the
vibrational entropy contributions and enthalpy changes due to finite temperature
are almost the same for different structures and will not change the relative stability
of different structure significantly. [69]
Both of the interface models are stoichiometric and there is no extra N atom added
or removed, so the interface formation energies are independent on the chemical
potential of N atoms. Based on Eq. (5.2), it was found that the interface formation
energy of structure b (Fig. 5.3(b)) is lower than that of structure a (Fig. 5.3(a)) by
about 0.7 eV/unit, which means that interface structure b is more stable and it is
possible to be seen in TEM experiment.
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5.4.2 Electronic properties at the β-Ge3N4 (0001)/Ge (111)
interface
Since the interface structure b is far more energetically favorable, we calculated the
electronic properties such as projected density states (PDOS), band structures, and
differential charge density based on the relaxed interface structure b.
Figure. 5.4 shows the PDOS of Ge and N atoms residing in different layers. In
β-Ge3N4, N atoms are not identical, and they locate at two different sites, N
2c and
N6h. The PDOS of N atoms at tN2c and N6h sites is shown in Fig. 5.4(b). The
valence band edge is mainly from 2p states of N atoms in the interface layer, and
the conduction band edge is the hybridization of states from N 2p and 3s and 3p
hybrid states from Ge atoms. From Fig. 5.4, it is noted that there is no gap state
at the interface, resulting in a semiconductor-like electronic structure of structure
b. This is consistent with the fact that there are no dangling bonds at the interface.
Due to formation of interface dipole, the PDOS of Ge and N at the interface are
different from that in the bulk, but they converge to the respective bulk characters
in the middle layers. The formation of interface dipoles also leads to a rigid shift of
the relative energy position of N and Ge, which can be used to evaluate the valence
band offset directly. [135] The surfaces with hydrogen terminated also affect the
inter-layers, which change the DOS profiles near surface slightly, but do not induce
surface gap states.
The total DOS of interface structure b is shown in Fig. 5.5. It is clear that there is no
interface state. The corresponding band structure (not shown here) shows that the
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Figure 5.4: The PDOS of interface structure b: (a) The PDOS of Ge atoms at
different atomic layers in the slab, (b)The PDOS of N2c and N6h at different atomic
layers in the slab.
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Figure 5.5: The total DOS of interface structure b.
valence band maximum is at the L point and the conduction band minimum is at
the point along L and Γ direction, resulting in an indirect band gap of 0.12 eV. This
is consistent with the PDOS calculation results. However, due to the well-know
LDA underestimations of band gap, the real band gap of this interface structure
should be larger.
When β-Ge3N4 is grown on Ge(111) surface, the totally different chemical ambient
would make the charge density redistribute at the interface vicinity until the new
electrostatic equilibrium is reached, and form new interface bonding structures to
minimize the total energy. To get an insight into the interfacial bonding structures,
the charge redistribution at the interface was investigated by calculating charge
density difference. The charge density difference of β-Ge3N4(0001)/Ge(111) can
be defined as the charge density of the whole interface slab minus the sum of the
charge density of the substrate slab (Ge(111)) and β-Ge3N4(0001) surface slab.
Figure. 5.6 shows in-plane averaged redistribution of the interface charge density
4ρ along the axis perpendicular to the interface. The charge density difference
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Ge Ge3N4                Vacuum
Figure 5.6: Charge density difference4ρ for interface structure b along Z direction.
The dash line denotes the interface plane.
Figure 5.7: The visualized charge density for interface structure b (Blue atoms are
Ge, and grey atoms are N).
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oscillates greatly at the interface, and becomes smooth at the region far away
from the interface, which indicates that there is charge transfer at the interface.
With the aid of the visualized charge density difference (Fig. 5.7), it was found
that electron deficiency occurs at the Ge atoms near the N atoms, and excessive
electrons accumulate at the N atoms at the interface, which means a net electron
transferred from Ge to N, forming Ge-N bonds. For the Ge atom that bonds to
three Ge atoms of Ge3N4, there is no charge transfer in this tetrahedral structure.
The calculated bonding energy of Ge-N bonds is about 0.91 eV, and the large
bonding energy of Ge-N bonds means that the bonds are stable. The strong Ge-N
bonds and the perfect bonding structures at the interface result in the stability of
the interface structure we proposed.
5.4.3 The calculated band offsets at β-Ge3N4 (0001)/Ge
(111) interface
Theoretically, the interface valence band offset could be evaluated by using the
standard bulk-plus-lineup procedure [65–67], where the VBO is consisted of two
terms:
VBO = 4EV +4V. (5.3)
The first term is defined as the energy difference of the valence band maxima of the
two independent bulk calculations. The second term in Eq. (5.3) is the lineup of
electrostatic potential generated by the electronic pseudocharge distribution and
by the charge of the bare ion cores, which is a macroscopic quantity including all of
the interface effects. [68] This lineup can be obtained using the double-macroscopic
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Figure 5.8: Planar (solid line) and macroscopic average (dotted line) of ESP for
structure b.
average technique. [67, 68] Since interface structure b is more stable, we calculated
the band offsets based on this structure. The average electrostatic potentials of
β-Ge3N4 and Ge bulks were used as reference energies to align the corresponding
valence band maxima, and the calculated 4EV is about −0.06 eV. The lineup
∆V is the difference between the double macroscopically averaged electrostatic
potentials residing in Ge3N4 and Ge bulk-like regions, respectively, and it is about
1.29 eV, as shown in Fig. 5.8. The VBO of β-Ge3N4(0001)/Ge(111) structure b
is then estimated from Eq. (5.3) by simple deduction, and it is 1.23 eV. Based on
Eq. (5.1), the corresponeding CBO can be determined to 2.10 eV.
5.4.4 Effects of dangling bonds on interface properties
For the interface structure a, there are four dangling bonds at the interface due
to the unsaturated Ge atoms. Usually, dangling bonds at the interface would trap
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Figure 5.9: (a) The total DOS of interface structure a, (b) the local DOS of a Ge
atom with a dangling bond at the interface.
charging carriers and lead to large tunneling current in devices, which is undesirable
for electronic applications. Thus, we also investigated effects of dangling bonds at
β-Ge3N4(0001)/Ge (111) interface on the interface properties by first-principles
calculations in this section.
Figure. 5.9 is the calculated total DOS of interface structure a and site DOS of
one Ge atom with a dangling bond at the interface. For the total DOS of interface
structure a, it is clear that there are gap states across the fermi level, leading
to a metallic interface. These interface states would become electrons tunneling
channels, and make electrons tunnel much easier. From the sited DOS, it is noted
that the dangling bond induces the electronic states across Fermi level, which are
related to the interface states of the total DOS. Therefore, we could conclude that
dangling bonds at this interface induce gap states, making the interface metallic.
When these dangling bonds were saturated by H atoms, from the band structure
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Table 5.1: Calculated bonding energy of Ge-H, Ge-Ge, and Ge-N bonds
Ge-H Ge-Ge Ge-N
bonding energy 0.27 eV 0.46 eV 0.91 eV
(not shown here), we found that the gap states were pushed away from the gap
region, resulting in an semiconductor-like interface. The calculated VBO of the
H saturated interface is about 1.62 eV, which is much larger than that (1.15 eV)
of the interface with dangling bonds. The increased VBO might be attributable
to the saturated dangling bonds at the interface, although the induced hydrogen
atoms would also affect the VBO to some extent. Due to the better electronic
properties of H saturated interfaces, hydrogen has been used to passivate defects
in Ge3N4 by growing or annealing Ge3N4 in H ambient. [12, 14]
The stability of a bond is given by its bonding energy, and a bond with higher
bonding energy is more stable. The bonding energy of an AB bond can be calcu-
lated using following equation:
Eb = EAB − EA − EB, (5.4)
where EAB is the total energy of AB, and EA and EB are the total energy of
separated atoms A and B, respectively. We also calculated the related bonding
energies of various bonds in this interface structure such as Ge-H, Ge-Ge and
Ge-N bonds, and summarized them in the following table. And, it is noted that
the bonding energy of Ge-H bonds (0.27 eV) is much lower than that of Ge-Ge
(0.76 eV) and Ge-N (0.91 eV) bonds, which means that Ge-H could be dissociated
easily during thermal annealing process. This would be a problem for applications.
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5.5 Chapter summary
In this chapter, the interface properties of Ge3N4/Ge (111) were studied by using
first-principles total energy calculations and experimental methods such as in situ
high resolution XPS and TEM.
Crystalline Ge3N4 was grown on Ge (111) by using atomic source nitridation in high
vacuum at 400◦. The VBO and CBO at this crystalline interface was determined
by in situ XPS to be 1.03 eV and 2.30 eV, respectively.
Two interface structures were proposed for β-Ge3N4(0001)/Ge(111). Based on
interface formation energies, it was found that the interface structure without dan-
gling bond is more energetically favorable. This perfect interface bonding structure
also leads to semiconductor like interface properties. First-principles calculations
indicate that the perfect interface bonding and strong Ge-N bonds at the interface
result in this stable interface structure. The band offsets at this interface were
determined theoretically to be 1.23 eV (VBO) and 2.10 eV (CBO). In addition,
the effects of interface dangling bonds on electronic properties were explored also.
The dangling bonds at interface might induce interface gap states, and reduce the
VBO. Hydrogen saturated interface exhibits better interface properties, but the low




Interface properties of high-κ
dielectric SrZrO3 on Ge (001)
6.1 Introduction
Recent developments in high-κ dielectrics oxides in complementary metal-oxide
semiconductor (CMOS) devices allow people not only to continue to downscale
the Si-based CMOS devices but also to address the possible development of Ge-
based high performance semiconductors. The introduction of high-κ dielectrics into
CMOS devices is highly desirable in order to guarantee further scaling down. [3,
6, 44] Although there are many studies of integrating high-κ dielectrics with Si
substrate, the dielectric that is suitable for Si substrate might not work for Ge-
FETs well. Thus, it is critical to find a proper high-κ gate dielectric for Ge-based
CMOS devices.
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Recently, high-κ oxides with perovskite structure such as strontium zirconate
(SrZrO3) have received great attention due to the potential applications in novel
electrochemical devices such as solid oxide fuel cells and hydrogen or steam sen-
sors due to their proton conductivity at elevated temperatures. [136–138] Moreover,
SrZrO3 dielectric thin films may also meet the requirements for high-voltage and
high-reliability capacitor applications. As for capacitor application, the preferred
candidates are those materials with characteristics of high-κ requirement, high
breakdown strength for high-voltage and high-reliability requirements, and low
leakage current density for high-reliability requirement. At these aspects, SrZrO3
is a promising candidate as high-κ dielectrics for MOSFETs device applications be-
cause it has good insulating properties [139], large band gap (5.7 eV) [140], and high
dielectric constant (24∼27) [5, 140]. But for SrZrO3 to be used as gate dielectrics,
it is still required to satisfy many other requirements such as large band align-
ments with Ge to minimize possible carrier tunneling and high thermal stability in
contact with Ge. [3, 6, 44] Furthermore, the lattice constant of perovskite SrZrO3
matches well with that of Ge (001) surface, which indicates that it is possible to
grow SrZrO3 epitaxially on Ge surface, and it is highly desirable to understand
the possiblly atomic interface structures and their stability, and to explore the
possibility of engineering band offsets at the atomic scale. However, studies of at
SrZrO3/Ge interface are limited whether experimentally or theoretically.
In this chapter, SrZrO3 dielectric thin films will be prepared on Ge (001) substrate
by using PLD, and the corresponding band alignments and thermal stability will
be studied by using XPS and HRTEM. Theoretically, first-principles calculations
will be carried out to investigate the atomic interface structures and their stability,
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and study how chemical bonding at the interface affect band offsets.
6.2 Methodology
Experimentally, SrZrO3 dielectric thin films were prepared on Ge (001) substrate
in a PLD system, and then samples were transferred into XPS analysis chamber
and annealed at various temperatures in this chamber to study the compositions,
interface band alignments, and thermal stability. And then HRTEM images were
used to study the interface structures and the effects of annealing on interface
structures.
Theoretically, density functional theory (DFT) within the generalized gradient
approximations (GGA) were performed by using the VASP package [91, 92], with
the frozen-core projector-augmented wave (PAW) pseudopotentials. [89] A cutoff
energy of 500 eV was used for planewave-expansion of electron wave-function. The
Monkhorst-Pack scheme generated grids were used for k point sampling in the
first hexagonal Brillouin zone, with a mesh of 6×6×6 for the primitive cell of
bulk perovskite SrZrO3 calculations. The calculated bulk lattice constants of cubic
SrZrO3 are a = b = c = 4.16 A˚ and the calculated GGA band gap is 3.12 eV. These
values are consistent with results of previous first-principles calculations. [141] In
the calculations of interface slabs (a = 4.08, b = 8.16 A˚ and c = 50.0 A˚, including
12.0 A˚ vacuum), a 6×4×1 k mesh was used, where SrZrO3 were slightly strained to
match Ge (001) surface lattice constants. All structures were thoroughly optimized
by minimizing the Hellmann-Feynman forces acting on the atoms until it is smaller
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than 0.02 eV/A˚.
6.3 Experimental study of interface properties of
SrZrO3/Ge
6.3.1 Growth of SrZrO3 on Ge (001)
SrZrO3 dielectrics were grown on Ge (001) substrate as follows. The 5% HF solu-
tion cleaned p-Ge substrates were annealed at 500◦C in the vacuum of 2.0×10−6
mbar for 5 minutes to remove carbon-related surface contamination. Then, a poly-
crystalline SrZrO3 target was used to deposit SrZrO3 films on the Ge substrates
with the substrate temperature of 450◦C in the oxygen pressure of 2.0×10−4 mbar
in a pulsed laser deposition system. SrZrO3 thin films with different thickness (4.0
and 22.0 nm) were prepared on Ge (001) substrates, in which the SrZrO3 with
4 nm thickness was used for band alignment study and the 22.0 nm one was used
for thermal stability study.
After deposition, all samples were annealed for 10 minutes at 300◦C in oxygen
ambient to reduce intrinsic oxygen defects, and then they were transferred to an
analysis chamber of VG ESCALAB 220i-XL XPS system with a monochromatic Al
Kα (1486.7 eV) source for band alignments and thermal stability measurements.
The best energy resolution of this XPS system is about 0.45 eV, and the accuracy
of the observed binding energy is within 0.03 eV on an absolute scale after careful
calibration. In order to obtain higher resolution, all spectra were collected in a
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Figure 6.1: Core-level XPS and fitted spectra of (a) Ge 3d, (b) Sr 3d, (c) Zr 3d,
and (d) O 1s for 4.0 nm amorphous SrZrO3 on Ge (001) substrate.
constant pass energy mode at 10 eV. The structures of SrZrO3 films on Ge (001)
surface before and after annealing were investigated by HRTEM (Philips CM-300)
also.
The core level XPS spectra of the thinner SrZrO3 on Ge (001) substrate is shown in
Fig. 6.1. Through peak fitting, various peaks were found in Fig. 6.1(a). The peaks
at 29.46 eV and 30.06 eV are due to the Ge 3d doublet from Ge substrate, in which
the Ge 3d5/2 peak (29.46 eV) was used as reference to align other core level peaks,
while the peak at 30.66 eV is from Zr 4p. In Fig. 6.1(a), the chemical shifts between
the peak 31.77 eV, 32.33 eV, and 32.76 eV and Ge 3d5/2 peak of the substrate are
about 2.31, 2.89, and 3.50 eV, respectively, which mean that these peaks might be
from Ge2+ of GeO, Ge3+ of Ge2O3, and Ge
4+ of GeO2, correspondingly. [28, 30–
33, 94, 98, 142] These indicate that there is a thin layer of GeOx composed of GeO,
Ge2O3, and GeO2 formed at the interface due to that the out diffused Ge reacted
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with oxygen. [29, 140, 143, 144] The peaks at 133.56 eV, 182.41 eV, and 531.96 eV
in Fig. 6.1(b), (c), and (d) are the core level of Sr 3d, Zr 3d, and O 1s, respectively.
6.3.2 Band alignments at the interface of SrZrO3/Ge (001)
Band offsets determine the height of tunneling barrier for carriers at semicon-
ductor/insulator interface, so they are one of the most important parameters for
materials to be used in electronic devices. To minimize the possible leakage cur-
rent, conduction (CBO) or valence band offset (VBO) must be larger than 1 eV.
But the study of band offsets at SrZrO3/Ge(001) interface is still limited. Here,
the x-ray photoemission method (linear and Kraut methods [62, 63]) was used to
determine the band offsets, which is based on the assumption that the energy dif-
ference between the valence band edge and the core-level peak of the substrate is
constant with/without the overlayer.
Therefore, in this case, the VBO for this SrZrO3/Ge heterojunction can be deter-
mined using the following equation:
∆Ev = (EZr−3d5/2−EGe−3d5/2)SrZrO3/Ge−(EZr−3d5/2−Ev)SrZrO3−bulk+(EGe−3d5/2−Ev)Ge−bulk,
(6.1)
where, the Ge 3d core-level of the Ge (001) substrate (bulk) and Zr 3d core-level of
thin SrZrO3 (4.0 nm) on Ge substrate were used as references to align other peaks,
as Fig. 6.2 shows. The leading valence band edge of bare Ge substrate was measured
to be 0.05 eV, and the energy difference between the valence-band edge and the
core-level Ge 3d5/2 peak was determined to be 29.30 eV for Ge (001) substrate, as
Fig. 6.2(b) shows. It is noted that this binding energy from the p-Ge substrate
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Figure 6.2: Core-level and valence band photoelectron spectra for (a) 4.0 nm amor-
phous SrZrO3 on Ge (001), (b) bare Ge (001) substrate, and (c) 22.0 nm SrZrO3
on Ge (001).
would increase to 29.46 eV (see Fig. 6.2(a)) when the SrZrO3 was grown, which
indicates that the band edge of p-Ge substrate bends downward at the interface
due to different interface dipoles between oxide films and substrate. This band
bending trend is similar to that of growing GeO2 on p-Ge substrate. [95, 142]
After aligning to Ge 3d core level of Ge substrate and Zr 3d core-level of thin
SrZrO3/Ge, the leading valence band edge of SrZrO3 overlayer locates at 3.31 eV,
as shown in Fig. 6.2(c). Thus, the VBO at SrZrO3/Ge(001) interface can be
determined to be 3.26 eV by simple subtraction. The experimental band gap of
SrZrO3 is somewhat uncertain, and it varies from 5.0 eV to 5.7 eV dependent
on different preparation processes. [140, 145, 146] If we assume the band gap of
amorphous SrZrO3 is 5.7 eV and Ge is 0.67 eV, based on Eq. (5.1), thus we can
obtain the CBO (1.77 eV) at the interface of SrZrO3/Ge(001). Both of these VBO
and CBO at SrZrO3/Ge(001) interface are larger than 1.0 eV, which are sufficient
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to minimize possible tunneling current.
6.3.3 Thermal stability at the interface of SrZrO3/Ge (001)
To be compatible with Ge-based fabrication process, the related materials must
be thermally stable to 400◦C at least. In order to investigate thermal stability at
the interface of SrZrO3/Ge(001), the thicker films were in situ postannealed and
characterized at temperatures of 400, 500, and 600◦C in the analysis chamber of
XPS, respectively.
Figure. 6.3 shows the XPS core level spectra of Sr 3d (Fig. 6.3(a)), Zr 3d (Fig. 6.3(b)),
and O 1s (Fig. 6.3(c)) of SrZrO3/Ge annealed at the above temperatures. It was
found that the thicker SrZrO3 films on Ge (001) substrate can be thermally stable to
600◦C since the corresponding core level peak heights do not change after annealed
at 600◦C. However, it was noted that the Sr 3d5/2 peak shifts from 133.66 eV to
higher binding energy, 134.10 eV after annealed at 600◦C. Similarly, the core level
spectra O 1s also slightly shifts toward higher binding energies, from 530.20 eV to
530.51 eV, while the binding energy of Zr 3d remains constant during the anneal-
ing process, as Figs. 6.3(b) and (c) show. The shifts of core level of Sr 3d toward
higher binding energy might be due to the dissociation of Sr suboxides at high tem-
perature, since it was found that there is a peak from Sr suboxide in the original
thin films through peak fitting (not shown here), and this peak disappeared after
annealing. Besides, the reduction of defects in the SrZrO3 thin films or the disso-
ciation of GeOx interfacial layers during the annealing process might contribute to
these slight binding energy shifts. [147]
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Figure 6.3: Core-level XPS spectra of (a) Sr 3d, (b) Zr 3d, and (c) O 1s of SrZrO3
films as-grown and annealed at different temperatures.
The dependence of valence band edge of the thicker SrZrO3 films (22.0 nm) one
annealing temperatures was studied also, and it is shown in Fig. 6.4. It is clearly
shown that with increasing annealing temperature, the valence band edge increases
from 3.39 eV at 400◦C (Fig. 6.4(a)) to 3.55 eV at 600◦C (Fig. 6.4(c)). During
the annealing process, some interstitial oxygens might go into oxygen vacancies,
which would reduce the amount of oxygen vacancies in SrZrO3 thin films. It is
well known that oxygen vacancy is the main source of intrinsic defects in high-
κ oxides. [148, 149] Furthermore, valence band edge is sensitive to the oxygen
vacancies, because first-principles calculations show that oxygen vacancies would
induce defect states near the valence band edge. [142, 149] Thus, this valence band
edge increase might be attributable to the reduction of oxygen vacancies in SrZrO3
thin films after annealing. In addition, other factors such as the dissociation of
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Figure 6.4: Valence band spectra of SrZrO3 films at different annealing tempera-
tures.
interfacial Ge oxide layer during annealing might also lead to the increase of valence
band offset.
The interface stability of SrZrO3/Ge before and after annealing was investigated by
using HRTEM also, as Fig. 6.5 shows. Figure. 6.5(a) is HRTEM image of SrZrO3
on Ge (001) substrate before annealing. The thickness of the SrZrO3 thin films can
be estimated from Fig. 6.5(a) to be about 22.0 nm. It is also noted that there is a
thin interfacial layer between SrZrO3 thin films and Ge substrate, which should be
due to the formation of GeOx at the interface. This is consistent with above XPS
results, which found that there are GeO, Ge2O3 and GeO2 components in the thin
films. This formation of a GeOx interfacial layer is quite common when growing
amorphous high-κ oxides directly on Ge substrate. [29, 48, 140, 143] Usually, a
thin layer of GeOx between high-κ oxides and Ge substrate is undesirable because
it would increase the effective oxide thickness, and it does not have good thermal
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Figure 6.5: The cross-sectional HRTEM images of 22.0 nm SrZrO3 films (a) before
and (b) after thermal annealing of 600◦C.
and electrical properties. [3, 28] Fortunately, this GeOx interfacial layer is unstable
and can be dissociated after high temperature annealing. [28, 30, 122, 143] Fig-
ure. 6.5(b) is the HRTEM image of the SrZrO3 thin films on Ge substrate after
annealing at 600◦C, which clearly shows that there is no GeOx interfacial layer.
However, it was also found in Fig. 6.5(b) that the amorphous SrZrO3 thin films
became polycrystalline after 600◦C annealing. This is in agreement with previous
results that found a poor electrical property of SrZrO3 thin films after 650
◦C an-
nealing attributable to the increase in the grain size and the surface roughness. [157]
Polycrystalline dielectrics are not favorable for applications because grain bound-
aries could cause large leakage current. [3] This amorphous-polycrystalline tran-
sition during annealing process also indicates that it might be possible to grow
SrZrO3 on Ge (001) substrate epitaxially at high temperature since the lattice
constants of cubic SrZrO3 match well with those of Ge (001), but how to stabilize
Ge surface at high temperature is another issue.
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6.4 First-principles study of SrZrO3/Ge interface
Recently, theoretical method based on first-principles density functional theory has
been used to study interfacial properties of metal oxide dielectrics/Si interface at
atomic scale. [69, 71, 72, 150] The general bonding rules proposed by Robertson and
Peacock [71] are very instructive in understanding the atomic structure of oxide/Si
interfaces, and such rules have been tested for several interfaces of ZrO2/Si. Here,
we will apply these rules to study interface bonding structures of SrZrO3/Ge (001).
Theoretically, electronic and dielectric properties of SrZrO3 have been studied by
various group [141, 151], and surface properties of SrZrO3 were studied also by using
first-principles calculations. [155] SrZrO3 has various phases such as orthorhombic,
orthorhombic, tetragonal, and cubic phase, in which cubic-SrZrO3 has small lattice
constant mismatch with Ge (001) surface lattice constants (about 3.0%). This
indicates that it is possible to grow crystalline cubic-SrZrO3 on Ge (001) surface.
To date, the study of interface properties of cubic-SrZrO3/Ge (001) is limited.
In this section, first-principles calculations will be carried out to study interface
properties of cubic-SrZrO3/Ge (001), such as possible interface structures and their
stability, and effects of interfacial bonding structures on band offsets.
6.4.1 Interface structures and energetics
For interface structures of epitaxially grown cubic-SrZrO3 on Ge (001) surface,
there are many possibilities even for abrupt interfaces. For interfaces of metal
oxides and Si, Robertson and co-worker proposed general bonding rules to set
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Figure 6.6: Interface structures of cubic-SrZrO3 (100)/Ge (001) before and after
relaxation.
up the possible interfaces [71], which state that: (1) saturate Si dangling bonds
with enough oxygen to make Si dangling bonds Si+ and empty, or (2) saturate Si
dangling bonds with enough excess metal atoms to make Si dangling bonds Si− and
filled. These electron-counting rules set valence requirements for Si and ionic oxide
interface to obtain insulating interfaces, and have been applied to many high-κ
oxides/Si interfaces.
In this study, we extended these rules to interfaces of high-κ oxides/Ge. Based
on these rules, various interface structures of cubic-SrZrO3 (001)/Ge (001) were
proposed, of which all interface structures are based on Ge (001) surface with 2×1
reconstructions, since at the fabrication process Ge surface would reconstruct and
form 2×1 dimmer bonding structures in order to lower surface energy. The inter-
face structures before and after relaxation are shown in Fig. 6.6. Figure 6.6(a1),
(b1) and (c1) are similar to interface structures of SrTiO3/Si proposed by other
groups [72, 152], in which Fig. 6.6(a1) used two Sr atoms to saturate four Ge dan-
gling bonds and then SrO-terminated SrZrO3 was built on them. Figure. 6.6(b1)
uses two oxygen atoms to saturate four Ge dangling bonds and then two Sr atoms
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were used to saturate oxygen dangling bonds. Compared with Fig. 6.6(b1), two
more oxygen atoms were inserted into Ge surface dimers and formed Ge-O-Ge
bonds, as shown in Fig. 6.6(c1). From interface structure (a1) to (c1), there are
increasing oxygen atoms at interfaces, and these are related to oxygen ambient
from poor to rich. Figure. 6.6(d1) to (f1) are interface structures with Zr-O bond
terminated surface. Fig. 6.6(d1) is an interface with Zr atoms to saturate Ge dan-
gling bonds, and Figures. 6.6(e1) and (f1) are similar to Figs. 6.6(b1) and (c1), in
which excess oxygen atoms were used to saturate Ge dangling bonds with increas-
ing oxygen atoms. All these proposed interface structures are perfectly bonding,
and no dangling bonds at the interface.
The relaxed interface structures are shown in Fig. 6.6(a2)∼(f2). It is noted that
the Sr-O terminated SrZrO3 surface would be pushed away from Sr-saturated Ge
surface due to the strong repulsive interaction between neighbor Sr atoms, and the
distance between them is up to 4.42 A˚, as Figure 6.6(a2) shown. This indicates that
SrZrO3 with Sr-O terminated surface is not energetically favorable on Sr-saturated
Ge surface. Extensive studies have been carried out to use Sr atoms to stabilize
Si surface when epitaxially growing ABO3 oxides such as SrTiO3, and crystalline
SrTiO3 thin films with good quality have been grown on Si substrate. [58, 72,
153, 154] However, this method might not work for Ge substrate based on our
calculations. Moreover, interface structures of (b1) and (c1) with Sr and Sr-O
stabilized Ge surface lowered their original interface symmetry and geometry to
minimize the stress and total energy, which suggests that Sr-O terminated SrZrO3
is not stable on Sr or Sr-O stabilized Ge surface. After relaxation, it is also noted
that Zr-Ge bonds at the interface are energetically unfavorable since Zr atoms that
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Figure 6.7: The dependence of interface formation energy on oxygen chemical
potential. Labels a, b, c d, e, and f are related to interface structures a, b, c, d, e,
and f, respectively.
originally bonded to Ge would be pushed away from the Ge atoms after relaxation,
as shown in Fig. 6.6(d2). It is also found that the lattices of SrZrO3 in interface
structures (d), (e), and (f) are distorted much after relaxation due to the internal
strain of SrZrO3.
The relative stability of an interface interface is given by its formation energy. A
interface structure with smaller interface formation energy is more stable. The
interface formation energy of SrZrO3/Ge can be expressed as
Ef =




where Et−SrZrO3/Ge is the total energy of the interface slab, n, m i, and j are the
numbers of SrZrO3, Ge bulk units, SrO, and ZrO2 layers in the slab, respectively.
ESrZrO3 and EGe are the total energy SrZrO3 and Ge unit, respectively. ESrO and
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EZrO2 are the total energy of excess SrO and ZrO2 layers in the slab, respectively.
l is the number of oxygen atoms added (+, for O-rich situation) or removed (−,
for O-poor situation), and µO is the chemical potential of oxygen in SrO and ZrO2.
Eother includes the upper surface energy of SrZrO3 and the total energy of H atoms
that used to saturated dangling bonds of bottom Ge. A is the base area of the
interface slabs. Following similar process of Eq (4.2)∼Eq (4.5), the oxygen chemical
potential that related to formation of SrO and ZrO2 can be expressed as following:
1
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where Hf−SrO and Hf−ZrO2 are the formation enthalpy of bulk SrO and t-ZrO2,
respectively. Once the bound for the chemical potential of oxygen has been found,
the interface formation energy can be expressed as a function of µO, as in Eq (6.2).
Based on Eq (6.2), Eq (6.3), and Eq (6.4), the interface formation energies of these
various interface structures were calculated as a function of oxygen chemical po-
tential, as shown in Fig. 6.7. It is noted that structure f seems to be the most
stable among all the interface structures in oxygen-rich ambient, because its for-
mation energy is much lower than those of other interface structures whether in
oxygen-rich, while structure c is more stable in oxygen-poor ambient. Moreover,
with increasing oxygen chemical potential, structure c, e, and f would become
more stable due to their decreasing formation energies. In Fig. 6.7, it is also found
that the interface structures with Ge-Zr (structure d) or Sr-Sr (structure a) inter-
facial bonds are unstable in oxygen-rich ambient, especially for Sr-Sr (structure
a) interfacial bonds that have high formation energy. This is consistent with the
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relaxation result that Sr-O terminated SrZrO3 surface was pushed away from Sr-
saturated Ge surface after relaxation. Interface properties of high-κ oxides such
as SrTiO3 on Si have been studied extensively both experimentally and theoret-
ically [63, 72], and it was found that interfaces structures with Sr-terminated Si
surface are stable and experimentally it is favorable to deposit a monolayer of Sr-O
on Si surface first in order to epitaxially grow SrTiO3 on Si surface. However, based
on our calculated relative interface stability diagram of SrZrO3/Ge, it would be
more feasible to deposit a monolayer of ZrO2 first in oxygen-rich ambient, which
can serve as a template to further grow epitaxially SrZrO3 on Ge surface during
the epitaxial growing process. We should point out that the above discussion is
only based on thermodynamic arguments, and the real process of epitaxial growth
is much more complicated, where kinetic effects also play important roles. Never-
theless, our first-principles calculations results provide the possibility of atomically
tuning interface structures.
6.4.2 Electronic properties at the interface of SrZrO3/Ge
(001)
The interface properties of SrZrO3/Ge such as density of state (DOS) and band
offsets were studied by using first-principles calculations also based on the relaxed
interface structures.
Figure 6.8(a) and (b) are the total DOS of interface structure f and c, respectively,
the most stable interface structures that discussed above. It is clear that due to
the stable perfect interface bonding, there is no electronic state near fermi level,
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Figure 6.8: The total DOS of interface structure (a) f and (b) c.


































Figure 6.9: The PDOS of interfacial atoms of interface structure (a) f and (b) c.
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Figure 6.10: The total DOS of interface structure (a) a and (b) d.
resulting in semiconductor-like electronic properties, as shown in Fig. 6.8(a) and
(b). Figure 6.9(a) and (b) are the PDOS of interfacial atoms of interface structure
f and c, respectively, which indicate that the valence band edge of structure f is
mainly from oxygen 2p electronic states, and conduction band edge is dominated
by hybrid Ge s and p electronic states. For valence band edge of structure c, the
valance band edge is from p states of oxygen also.
The total DOS of interface structure a, b, d, and e were calculated also. There
is no interface electronic state of interface structure b and e due to the perfect
bonding at the interface and the formation of stable Ge-O bonds. However, it is
noted that although the interface structure a and d satisfy the general bonding
rules proposed by Robertson and Peacock also, there are interface states in these
two structures, leading to a metallic electronic structures, as Fig. 6.10 shows. This
indicates that metal-Ge bonds at the interface are unstable, and they would be
separated after relaxation, resulting in interfacial dangling bonds. The dangling
bonds at the interface would induce electronic state across fermi level, and make the
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Figure 6.11: Planar (solid line) and macroscopic average (dash line) of electrostatic
potentials (ESP) for (a) interface structure c and (b) f .
interface metallic. This is consistent with results of others’ first-principles studies
on ZrO2/Si interface. [69] The metallic interfaces are undesirable for application
because they may cause large tunneling current.
For gate dielectrics in CMOS devices, they serve as tunneling barrier to minimize
carrier tunneling from quantum tunneling or thermal fluctuation, and thus the
valence band offset (VBO, barrier for holes) or conduction band offset (CBO,
barrier for electrons) between high-κ oxides and substrate must be large enough.
Both of them must be larger than 1.0 eV to guarantee an acceptable low leakage
current.
Theoretically, the VBO at the interface can be evaluated by using the standard
”bulk-plus-lineup” procedure [65–67], which is based on the assumption that the
energy difference between the valence band maximum and macroscopic electro-
static potential is kept constant in bulks and interface. And, the VBO at the
interface of SrZrO3/Ge (001) can be divided two terms, as Eq. (5.3) shows, where
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the first term is the energy difference of the valence band maxima of the two in-
dependent Ge and SrZrO3 bulk calculations (after aligned to their corresponding
bulk macroscopic electrostatic potential), and the second term is the lineup of the
average of the interface electrostatic potential, which can be obtained by using
double-macroscopic average technique. [67, 68]
The band offsets of interface structure c and f were calculated, the corresponding
interface macroscopic electrostatic lineups were shown in Fig. 6.11(a) and (b),
respectively, which are related to effects of different interface bonding structures
on the VBO. The valence band maxima for these interface structures with the same
Ge and SrZrO3 bulks are the same, and it is about 1.12 eV. Based on Eq. (5.3), we
can obtain the VBOs for interface structure c and f , and they are about 2.52 and
2.18 eV, respectively. The CBO can be determined by the relation of Eq. (5.1). As
the LDA calculations give underestimated band gaps, we use experimental band
gaps to determine the CBO. The band gap of cubic-SrZrO3 is somewhat uncertain,
and it varies from 4.80 eV to 5.70 eV depending on fabrication processes. If we
assume that the band gaps of bulk Ge and SrZrO3 are 0.67 and 5.7 eV, respectively,
thus the CBO of structure c and f and can be estimated to be 2.51 and 2.95 eV,
respectively. Both of VBO and CBO are much larger 1.0 eV, which can satisfy the
requirements.
It should be noted that the calculated VBOs of these two interface structure are
smaller than that of the above experimental measurements. This might be con-
tributable to the LDA calculation errors, which would underestimate the valence
band maximum to some extent. In addition, defects in the thin films or the mor-
phology of thin films might also affect the measured VBO. However, it is difficult
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to make quantitative comparison directly because the samples used in the exper-
iments are inhomogeneous, amorphous and far from perfect epitaxial crystalline
cubic-SrZrO3 on Ge surface.
6.4.3 Tuning band offsets of SrZrO3/Ge (001) interface
In order to obtain desired electronic properties, it is highly desirable to atomically
control interface properties for application, and various methods such as band-offset
engineering (modifying the band discontinuity at semiconductor heterojunctions),
using structural effects (i.e. uniaxial deformation and/or lattice distortions), and
tuning interface chemical environment (i.e. different interface structures and inter-
facial bonding) have been studies for isovalent and heterovalent lattice-mismatched
interfaces. [67–69, 72, 156] As for chemical effects, extensive studies have been car-
ried out to engineer the band offsets at epitaxial high-κ oxides such as SrTiO3
and ZrO2 on Si. [69, 72] But for epitaxial high-κ oxides/Ge interface, the study is
limited.
As discussed above, by controlling the oxygen chemical potential, we can tune the
atomic interface structures to some extent. Interface structure a to c is related to
the oxygen ambient of poor to rich when growing SrO firstly, and similarly, struc-
ture d to f is corresponding to oxygen ambient from poor to rich when growing
SrZrO3. When the oxygen chemical potential is extremely high at the growing pro-
cess, structure f is more possibly to be formed, on the other hand, if the oxygen
chemical potential is not so high, the formation of structure a is more possible.
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Table 6.1: Calculated valence band offset (VBO) for the various structures. The
relative stable structures are highlighted with bold characters
Structure EV (eV) 4V (eV) VBO (eV)
a 1.12 0.52 1.64
b 1.12 0.85 1.97
c 1.12 1.40 2.52
d 1.12 0.16 1.26
e 1.12 0.92 2.04
f 1.12 1.06 2.18
Thus, we might obtain desired interface structure by tuning the oxygen chemi-
cal potential during the fabrication process. Moreover, oxygen chemical potential
might also affect the band offsets greatly. The valence band offset of these interface
structures were calculated and summarized in Table 6.1. It is clear that from Ta-
ble 6.1 that the valence band offset is strongly dependent on the interface chemical
environment, and the different interface bonding structure can change the band
offset greatly, which might be contributable to the change of interface net dipole.
From structure a to c and structure d to f , there are increasing oxygen atoms
at the interface, which is related to the change of oxygen chemical potential from
poor to rich, and consequently the valence band offsets also increase as well as the
interface stability. The maximum tuned valence band offset can be up to about
1.0 eV for these interface structures. Therefore, this provides us a possibility to
tune desired interface structures or engineer the band offsets of high-κ dielectrics
such as SrZrO3 on Ge substrate by carefully controlling oxygen chemical potential
during the experimental fabrication processes.
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6.5 Chapter summary
In this chapter, high-κ dielectric SrZrO3 has been studied as an alternative gate
dielectric for Ge-FETs, including thin film growth, interface characterization, and
electronic calculations by using high resolution HRTEM and XPS, in combination
with first-principles calculations based on DFT.
Experimentally, high-κ dielectrics SrZrO3 were prepared on Ge (001) surface using
pulse laser deposition, and their band alignments and thermal stability were studied
by using high resolution x-ray photoemission spectroscopy. Valence and conduction
band offsets at the interface were measured to be 3.26 eV and 1.77 eV, respectively,
and the interface is stable up to 600◦C. The interfacial GeOx layer at the SrZrO3/Ge
interface would be dissociated after high temperature annealing, but in the mean
time the amorphous SrZrO3 would became polycrystalline.
Theoretically, various possible interface structures for epitaxial growth of SrZrO3
on Ge surface have been proposed, and their relative stability was compared in
terms of calculated interface formation energy. The results show that interface
structures with Zr-O bonds are more stable in oxygen rich ambient, and interface
structures with Sr-O bonds are more favorable in oxygen poor range. The results
also indicate that interface structures with metal terminated are unstable. The
electronic structures of these interface structures verified that the stable and perfect
interfacial bonding structures would result in insulating interfaces without interface
gap states. The interface structures and band offset are found to be dependent
strongly on oxygen chemical potential. This provides us a possibility to tune
desired interface structures or engineer the band offsets of high-κ dielectrics such
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as SrZrO3 on Ge substrate by carefully controlling oxygen chemical potential during





The main aim of this research was to study electronic and interface properties
of GeO2 and Ge3N4 for Ge surface passivation and integrate high-κ dielectrics
such as SrZrO3 on Ge-based MOS devices by using first-principles calculations and
experimental methods such as in situ XPS and HRTEM.
Due to the unavoidable formation of interfacial GeOx layers during the growth
of high-κ oxides on Ge substrate directly, the interface properties and thermal
stability of GeO2 on Ge substrate were studied using first-principles calculations
and XPS. Stoichiometric GeO2 dielectrics with good quality were prepared on Ge
(001) substrates as the surface passivation layer for Ge-FETs by using thermal
atomic source oxidation, and the VBO and CBO at this GeO2/Ge interface were
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measured to be 4.59 and 0.54 eV, respectively, in which the VBO is large enough
but CBO is insufficient for applications. Effects of oxygen and Ge vacancies in
GeO2 on the band offsets were studied by first-principles calculations, and our
results indicated that the formed oxygen and Ge vacancies at different oxidation
stages may cause the reduction of VBO at GeO2/Ge(001) interface. This explains
the large difference VBOs determined by various groups. Moreover, it was found
that the VBO at GeOxNy/Ge interface decreases with increasing doped nitrogen
concentrations in GeO2 thin films, while the thermal stability slightly increases,
which provides us an effective way to tune band offsets at GeOxNy/Ge interface
to obtain sufficient and symmetrical band offsets and desired thermal stability by
controlling nitrogen concentrations in GeOxNy thin films. However, to meet the
thermal stability requirement of Ge-FETs fabrication process, GeO2 dielectrics are
needed to be heavily doped with nitrogen atoms.
In this aspect, Ge3N4 was considered as a surface passivation material for Ge-
FETs because of its high thermal stability and excellent mechanical properties.
The electronic, dielectric, and intrinsic defect properties of bulk Ge3N4 were stud-
ied systematically by first-principles calculations. Our calculation results show that
lattice constants of β-Ge3N4 match well with those of Ge (111) 2×2 surface. This
indicates that it is possible to grow β-Ge3N4 epitaxially on Ge (111) surface. The
calculated band gap and dielectric constant of Ge3N4 can satisfy the requirements
of gate dielectrics as well. However, the low formation energy of nitrogen vacancies
means that nitrogen vacancies would be dominant in Ge3N4, and these nitrogen
vacancies might become charge trapping centers because they give electronic states
near Ge conduction band edge. This result clarifies that large leakage current found
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in experiment is due to the nitrogen vacancies in the Ge3N4 thin films while using
Ge3N4 as the gate dielectric. The calculation results also show that nitrogen va-
cancies can be decreased by growing Ge3N4 in nitrogen rich ambient. Furthermore,
nitrogen vacancies might be reduced by depositing a thin layer of Si on Ge surface
before nitridation process since the calculated formation energy of nitrogen vacan-
cies in Si3N4 is much higher than that of Ge3N4. In addition, to incorporate some
oxygen into Ge3N4 thin films might passivate the nitrogen vacancies and reduce
leakage current.
The possible interface structures, their relative stability, and electronic properties
of β-Ge3N4 (0001)/Ge (111) were studied by first-principles calculations within
DFT frame. The results indicate that the interface structure without interfacial
dangling bonds would be more energetically favorable, which attributes to perfect
interfacial bonding and strong Ge-N bonds at the interface. The calculated VBO
and CBO of this stable interface structure are 1.23 and 2.10 eV, respectively. Both
of the VBO and CBO are large enough to minimize the possible carrier tunneling.
The calculations results also indicate that the interface structure with interfacial
dangling bonds would become metallic due to interface gap states induced by the
dangling bonds. When the dangling bonds were saturated by hydrogen atoms,
the interface recovers semiconductor-like electronic properties, but the calculation
results indicate that Ge-H bonds are unstable and would be dissociated easily
during annealing process due to their low dissociation energy. Experimentally, the
HRTEM images show that crystalline Ge3N4 can be grown on Ge (111) surface
using atomic source nitridation at 400◦C. The XPS measured band offsets are
in agreement with theoretical predictions. This thin crystalline Ge3N4 is highly
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desired for Ge-surface passivation because it can passivate Ge surface dangling
bonds effectively with relative high capacitance.
For the integration of high-κ dielectrics on Ge-based MOS devices, SrZrO3/Ge
(001) was studied experimentally and theoretically. Experimentally, SrZrO3 thin
films were prepared on Ge (001) substrate by using PLD. The corresponding VBO
and CBO at this interface were measured by XPS to be 3.26 eV and 1.77 eV, respec-
tively. The SrZrO3 on Ge substrate remains stable after annealing at 600
◦C, which
can meet the requirement of Ge-FETs fabrication process, but the HRTEM images
indicate that the amorphous SrZrO3 thin films would become polycrystalline after
annealing. Theoretically, it was found that cubic-SrZrO3 (001) surface matches
well with those of Ge (001) in terms of surface symmetry and lattice constants,
and various interface structures of cubic-SrZrO3 (001)/Ge (001) were proposed.
The calculated interface formation energies show that Zr-O terminated interface
is more stable in oxygen rich ambient. This suggests that SrZrO3 thin films with
Zr-O terminated surface might be easier to be grown on Ge substrate epitaxially
in oxygen-rich ambient. The calculation results also indicate that oxygen chemical
potential can affect the band offsets and interface stability greatly. Thus, we might
tune desired interface structures or engineer the band offsets of high-κ dielectrics
such as SrZrO3 on Ge substrate by carefully controlling oxygen chemical potential
during the experimental fabrication processes. These results would deepen our un-
derstanding of high-κ oxides on Ge substrate, and give some guides for epitaxially
growing some ABO3 oxides such as SrZrO3 on Ge substrate.
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7.2 Future work
The real interfaces of passivation and high-κ materials on Ge are much more com-
plicated than the prototypes (e.g., the crystalline interface at high-κ dielectrics/Ge)
we used in calculations. Thus, further research is needed to explore the extent to
which these ideal results (e.g., the dependence of band offsets on atomic interface
structures) can be applied to experimental crystalline or even amorphous interfaces.
To better understand the amorphous interface of high-κ dielectrics/Ge, calcula-
tion work to model the amorphous interface of high-κ dielectrics and Ge is greatly
needed. Another direction for future work is to extend the present defect-free in-
terfaces to interfaces with defects such as oxygen vacancies, interstitials, or their
complexes considering the fact that there are more defects in high-κ oxides than
SiO2. [3, 6] Moreover, the work of GW calculation [131] to obtain more accurate
band gaps is also desirable since the conventional calculations based on LDA un-
derestimates band gaps of semiconductors or insulators to some extent. Besides,
from our calculations [132], it can be predicted that nitrogen vacancies would be
a problem for application, so further calculations on how to passivate the nitrogen
vacancies is also needed.
In terms of experimental work, further study on fabricating high quality of Ge3N4
thin films on Ge and the characterizing there electrical properties such as I-V or C-
V is desired. Another direction for future work is to study how to passivate nitrogen
vacancies in Ge3N4 thin films. One promising direction is to incorporate some
oxygen into Ge3N4, which is similar to the strategy of using nitrogen to improve the
electrical properties of high-κ oxides, as many previous studies show. [9, 104, 158]
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Furthermore, it is also important to study effects of incorporating nitrogen into
SrZrO3 thin films on their electronic properties, band alignments, and thermal
stability. In addition, further study on epitaxial growth of a thin layer SrZrO3 on
Ge (001) substrate at high temperature is greatly needed since the lattice constants
between them match well.
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